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PREFACE 


Certain  ternientations  are  among  the  oldest  chemical  jjrocesses 
which  have  been  conducted  by  mankind.  These  ancient  lermenta- 
tions  were  operated  lor  the  production  of  alcoholic  beverages,  for 
vinegar  jnoduction,  for  leavening  of  bread  and  for  the  jjieparation 
of  food  [products. 

Many  industrial  fermentations  ol  today  had  their  origin  in  some 
ol  these  old  processes.  With  the  rise  ol  organic  chemistry,  the 
demand  lor  organic  chemicals  led  to  the  adaption  on  a  large  scale 
ol  some  ol  the  fermentation  procedures  for  the  mannfactiire  of 
teitain  of  these  chemicals.  However,  it  is  only  since  the  beginning 
ol  this  century  that  lermentation  j)rocesses  have  been  put  on  a 
scientific  basis.  At  the  same  time,  new  fermentations  have  also  been 
develo]K'd  si>ecilically  for  the  production  of  additional  chemical 
substances.  During  this  period,  commercial  fermentations  have 
expanded  enormously  and  their  scope  has  widened  to  such  an 
extent  that  today  lew  indnstrial  enterprises  are  not  aliected  in  some 
t\ay,  either  directly  or  indirectly,  by  fermentation  jirocesses. 

liecaiise  ol  the  rapid  advances  in  the  fermentation  industries 
and  also  because  of  somewhat  meager  publication  by  industrial 
concerns,  it  is  the  opinion  of  the  editors  that  no  one  or  two  indivi- 
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duals  could  authoritatively  cover  tlie  entire  field  of  industrial  fer¬ 
mentations.  1  herelore,  these  volumes  have  taken  the  form  of  a 
symposium  on  many  of  the  jihases  of  industrial  fermentations.  Most 
chapters  are  vritten  hy  contributors  who  have  liacl  considerable 
exjjerience  with  their  selected  topics.  Afany  of  the  chapters  are 
wiitten  hy  individuals  ^^’ho  are  associated  with  industries  which 
have  made  a  financial  success  of  the  fermentations  clescril)ecl.  Other 
chajiters  are  contributed  l)y  research  workers  with  an  academic 
background  who  sj^ecialize  in  develoju'ng  new  fermentative  proc¬ 
esses. 

Most  of  the  chapters  are  limited  jnimarily  to  industrial  proc¬ 
esses  which  are  or  have  been  commercially  important.  However, 
a  few  topics  are  included  which,  wliile  not  at  jnesent  industrially 
utilized,  are  potentially  important;  that  is,  they  have  been  or  are 
being  considered  for  commercial  exploitation.  Such  jnocesses  in¬ 
clude,  for  example,  those  for  the  ]jre}xiration  of  2,  3-butanediol 
and  some  of  the  ketogenic  jjrocesses  employing  Acetobacter  or 
Psendcnnonas  organisms. 

Some  toj)ics  which  might  be  technically  considered  as  com¬ 
mercial  fermentatic^ns  in  the  broad  sense  are  lujt  inciuclecl.  I  hese 
are  generally  microbiolc^gical  processes  cjf  sjjecialized  nature,  such 
as  the  jianary  fermentation,  retting,  ensiling,  legume  inoculation, 
and  other  such  procedures,  which  are  adecpiately  described  in  other 
jjublications.  VVhth  few  excejJtions,  the  topics  inciuclecl  are  largely 
restricted  to  the  commercial  fermentative  jn'ocluction  of  specific 
chemicals. 

rhe  editors  have  not  been  unaware  of  the  many  pitfalls  to  be 
encountered  in  presenting  a  subject  of  such  ramifications.  Variations 
in  style  and  detail  of  treatment  in  the  different  chaj)ters  will  be 
apj^arent  to  the  reader,  d'he  editors  are  also  regretfully  aware  that 
scjine  oi  the  information  given  will  be  out-dated  before  these  pages 
apjiear  in  jnint.  Fc^r  examjile,  in  such  iaj)icily  expanding  fields 
as  the  production  of  antibiotics  by  fermentation,  the  printed  page 
cannot  hojje  to  keep  up  with  the  newest  develojiinents.  W'hile  every 
effcjrt  has  been  made  by  the  authors  and  editors  to  avoid  errors  of 
omission  and  commission,  there  are  undoubtedly  some  of  each  kind 
in  this  book.  For  any  such  errors  the  editors  besjx'ak  the  indulgence 
of  readers  and  offer  iti  advance  their  ajxdogies  to  tiie  investigators 
who  are  the  victims  of  these  errors. 

Despite  imj)erfections  and  omissions,  we  believe  that  these 
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volumes  iire  imicjiie  in  ilie  uiithoritutive  presentation  ot  one  of  tlie 
most  important  branches  of  chemical  industry,  d  he  rapid  advances 
and  current  imjmrtance  of  the  fermentation  industries  shonld  make 
Siich  a  compilation  of  the  current  knowledge  and  industrial  jiractice 
of  much  value  both  to  those  in  the  industry  and  to  students  in¬ 
terested  in  fermentations.  It  is  hoped  that  these  volumes  will  prove 
to  be  stimulating,  enlightening,  and  educational  to  those  in  industry 
as  well  as  to  students  in  colleges  and  universities. 

The  editors  wish  again  to  ex|)ress  their  dee}>  a].>preciation  to 
the  contributors  who  have  been  most  generous  with  their  time  and 
effort  in  this  coojjerative  undertaking.  Each  writer,  of  course,  made 
his  contribution  as  an  individual,  and  not  as  a  representative  of  the 
institution  or  organization  with  which  he  is  associated.  A  word  of 
appreciation  is  also  due  from  the  etlitors  and  from  the  chapter 
authors  to  those  individuals,  who  must  go  unnamed  because  they 
are  so  numerous,  who  made  available  bibliographies  and  un- 
jjublished  information,  and  who  read  chapters  or  sections  of 
cha])ters  and  were  so  generous  with  their  helpfid  criticisms. 
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CHAPTER  1 


INTRODUCTION 

L.  A.  Uiiderkofler  and  R.  /.  Hickey 


1  he  fennentaiion  industries  constitute  the  branch  ot  chemical 
nianutacture  which  yield  useful  j^roducts  through  the  vital  activi¬ 
ties  ol  niicroorganisnis> /'>) in  the  broad  sense  in  Avhich 
the  term  is  now  generally  used,  may  be  defined  as  a  metabolic 
process  in  Avhich  chemical  changes  are  brought  about  in  an  organic 
substrate  through  the  activities  ol  enzymes  secreted  by  micro¬ 
organisms. 


I  he  term  lennentation”  undeiTvent  numerous  changes  in 
meaning  during  the  j)ast  century.  It  is  derived  from  the  Latin 
fox'eie  meaning  to  be  boiling,’  and  originally  signified  the  gentle 
bubbling  or  boiling  condition  observed  in  the  sjjontaneous  trans- 
lormation  ol  Iruit  juices,  as  in  wine  or  cider  fermentation.  The 
meaning  was  changed  through  Gay-Lussac’s  study  of  alcoholic  fer¬ 
mentations  to  indicate  the  conversion  of  sugar  into  carbon  dioxide 
and  alcohol.  Pasteur’s  researches  as  to  the  cause  of  fermentative 
transformation  led  him  to  define  fermentation  as  “life  without  air.” 
Noav  die  word  has  become  more  closely  associated  with  the  micro- 
orgamsms  and  .the  enzymes  secreted  by  them  which  catalyze  the 
lermentative  changes. 

With  respect  to  oxygen  supply,  tivo  types  of  fermentation  are 
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recognized.  Aerobic  jerinentation  (oxybionic  processes;  respiration) 
is  the  form  of  dissimilation  vvliich  recjiiires  free  oxygen  to  act  as 
a  hydrogen  acceptor.  The  acetic  a(id  and  citric  acid  fermentations 
are  examjjles.  Anaerobic  fermentation  is  dissimilation  in  which 
atmospheric  oxygen  is  not  involved,  but  other  snbstances,  such  as 
aldehydes  or  pyruvic  acid,  serve  as  hydrogen  acceptors.  Examples  are 
the  alcoholic,  butyl  alcohol-acetone,  and  lactic  acid  fermentations. 

Literally  thousands,  if  not  millions,  of  different  kinds  of  micro¬ 
organisms  exist  in  nature,  and  each  of  these  jnoduces  fermentative 
changes  in  the  broatl  sense.  These  microbial  dissimilations,  are  of 
the  most  diverse  kinds,  but  the  number  of  transformations  which 
""have  become  of  technical  imjjortance  is  (piite  limited.  Success  of 
a  fermentation  process  on  the  industrial  scale  depends  on  a  number 
of  factors,  notably;  (1)  the  ability  of  the  selected  organism  to 
give  a  consistently  high  vield  of  the  desired  product  in  a  reasonable 
time  from  a  cheajj,  available  raw  substrate;  (2)  the  easy  recovery 
of  the  product  in  pure  form;  and  (S)  the  maiudacture  of  a  unique, 
product  wdiich  is  in  demand,  but  difficidt  to  obtain  by  other^ 
methods. 

Organisms  of  various  types  are  employed  in  the  lermentation 
industries.  These  include  species  or  strains  ol  yeasts,  bacteria,  and 
molds.  The  microorganisms  ol  lermentation  differ  greatly  in 
morphology,  size,  manner  of  reproduction,  reaction  to  free  oxygen, 
growth  recpiirements,  ability  to  attack  different  substrates,  and  in 
other  ways.  They  are  similar  in  that  they  grow  actively  and  ])rodnce 
enzymes  by  which  they  catalyze  the  reactions  brought  about  by  them. 

It  is  now  well  known  by  microl)iologists  and  biochemists  that 
enzymes  are  biochemical  catalysts  produced  by  living  cells.  In 
general,  their  action  is  indepcntlent  ol  the  living  cell;  they  aie 
thermolabilc  and  frequently  very  s])ecific  in  their  catalytic  aaions. 
The  various  enzymes  of  living  cells,  under  the  mildest  conditions, 
bring  about  a  vast  number  of  complicated  reactions,  many  of  which 
are  still  beyond  the  understanding  ol  the  organic  chemist.  The 
enzymes  are  of  two  types.  -  Exoenzynies  are  excreted  by  the  cells  and 
act  outside  the  cell  on  organic  substances,  such  as  proteins,  cat  bo- 
hydrates,  and  fats  as  substrates,  forming  derivatives  which  are 
generally  soluble  and  can  be  absorbed  through  the  cell  membrane. 
Fridoenzymes  arc  elaborated  and  retained  within  the  li\ing  cell 
and  catalyze  the  transformation  or  dissimilation  ol  food  substances 
within  the  cell.  I’he  products  of  this  dissimilation  may  be  built 
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up  into  cell  protoplasm,  or  excreted  through  the  cell  membrane. 
The  chemical  changes  resulting  Irom  the  enzyme  actions  cause  the 
liberation  ot  relatively  large  amounts  ol  energy  available  to  the  cel 
tor  its  metabolic  activities. 

I'he  microorganisms  ot  termentation  arc  notable  tor  their  ability 
to  jiroduce  enzymes  ol  both  classes.  Sometimes  mici ooiganisms  are 
employed  as  industrial  sources  ol  exoenzymes,  such  as  amylases 
and  proteases.  More  commonly,  in  industrial  termentation  processes, 
the  products  ot  chemical  action  excretetl  trom  the  cells  as  a  result 
ot  endoenzyme  action  are  isolated  tor  practical  uses. 

T  he  industrially  important  microorganisms  have  at  least  five 
outstanding  abilities: 

(1)  To  grow  rapidly  in  suitable  organic  substrates; 

(2)  To  be  cidtivated  easily  in  large  cpiantities; 

(3)  To  produce  the  necessary  enzymes  readily  and  profusely, 
in  order  to  bring  about  the  desired  chemical  changes; 

(4)  To  carry  out  the  translormations  under  comparatively 
simple  and  workable  modifications  ot  environmental  conditions; 

(5)  To  maintain  physiological  constancy  under  these  condi¬ 


tions.  v 

Industrial  operations  with  microorganisms  are  obviously  more 
complicated  than  laboratory  work,  but  involve  the  same  principles. 
The  chemical  engineering  etpujjment  must  be  carefully  designed 
to  meet  the  special  conditions  retjuired  in  each  type  of  fermentation 
and  must  include  means  to  protect  against  contamination  by  other 
organisms. 

1  he  best-known  chemical  jjrotluct  obtained  industrially  by 
termentation,  and  the  one  ot  largest  volume,  is  ethyl  alcohol,  but 
othet  leimentation  chemicals,  including  n-butyl  alcohol,  acetone, 
lactic  acid,  citiic  acid,  sorbose,  gluconic  acid,  itaconic  acid,  glycerol, 
2,3-butanediol,  riboflavin  and  other  vitamins,  penicillin  and  other 
antibiotics,  various  enzymes,  anti  other  sidjstances,  are  or  have  been 
akso  j)roduced  on  commercial  tn  pilot-plant  scale.  Still  other  proc¬ 
esses  tor  in-oducing  chemicals  by  lennen.tation  are  continually 
under  investigation  iu  laboratory  and  pilot  plant.  Some  ot  these 
may  lead  to  important  new  termentation  industries  in  the  future. 

Fermentations  are  also  ot  great  economic  importance  in  indus¬ 
tries  not  directly  concerned  with  the  jn-oduction  ot  diemical  sub¬ 
stances  as  such.  For  example,  mamdacture  ot  certain  beverages, 
bakery  products,  dairy  iiroducts,  sauerkraut,  pickles  and  other  foods’. 
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Irequently  involve  microbiological  procccliires.  iMicrobial  action  is 
ol  gicat  iinpoittnicc  in  scw’agc  disposal  plants.  Microbiological- 
assay  pioccdines  lor  vitamins  and  other  nutrient  lactors  are  in 
comnuiii  use  because  ol  their  relativ’e  simplicity,  specificity,  and 
rapidity.  I'he  commercial  production  ol  sera,  vaccines,  and  other 
theiapeutic  agents,  besides  antibiotics,  constitutes  an  important 
blanch  ol  industrial  microbiology.  Likewise,  soil  microbiology,  the 
tise  ol  nitrogen-fixing  bacteria,  and  the  study  ol  the  jihytopathology 
ol  economic  crop  plants  are  ol  the  greatest  importance  in  agriculture 
and  thus  ol  industrial  and  economic  signilicance.  However,  fer¬ 
mentations,  in  many  cases,  are  undesirable.  Food  spoilage  by  ler- 
nientation  results  in  economic  loss.  Disease  organisms  produce 
illness  or  even  death  in  plant,  animal,  or  human  hosts.  In  general, 
such  jnoce.sses  as  mentioned  in  this  paragrajih,  whether  they  are 
uselul  or  undesirable,  are  beyond  the  scope  ol  this  book. 

I'he  disctissions  in  this  volume  will  be  limited  to  industrial 
fermentation  proce.sses  in  which  chemical  compounds  are  isolated 
for  use  in  chemical  and  other  industries.  Particular  emphasis  will 
be  placed  on  the  art  ol  controlling  and  investigating  technical  ler- 
mentation  jjrocesses,  that  is,  on  using  microorganisms  as  catalytic 
tools  to  produce  desirable  end  products  having  well-defined  in¬ 
dustrial  a])j)lications.  Those  processes  which  are  at  present  ol 
industrial  importance  will  be  given  chief  attention,  with  some  con¬ 
sideration  also  of  other  processes  which  have  in  the  j)ast  been  utilized 
on  the  commercial  scale,  or  have  reasonable  j^rospects  for  future 
industrial  exploitation.  Although  all  the  minute  details  of  each 
industry  cannot  be  given  in  a  book  of  this  scope,  an  attemjjt  is 
made  to  jjresent  the  principles  and  the  most  up-to-date  general 
methods  of  technical  ojx'ration  and  control. 

Chemical  manufacture  by  fermentation  is  characterized  by  a 
high  degree  of  flexibility  as  to  raw  materials.  In  almost  all  cases, 
the  raw  materials  for  fermentation  processes  are  directly  or  in¬ 
directly  the  products  of  agricidture  and  the  lermentation  industries 
are  most  commonly  cited  as  examj>les  ol  “chemurgy,”  which  has 
come  to  mean  the  j^roduction  ol  uselul  chemicals  Irom  larm  crops. 
Since  farm  j)roclucts  are  the  jnimary  raw  materials  lor  commercial 
fermentations,  the  wide  lluctuations  in  availability  and  j^rices  ol 
farm  ciops  have  at  times  been  a  seiious  handictip  to  the  industiies. 
However,  in  many  processes,  a  wide  variety  ol  raw  materials  may 
be  emjiloyed  lor  a  given  lermenttition,  and  thus  advantage  may  be 
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taken  ol  availability  and  price  changes.  One  example  was  the  shi  t 
trom  grain  to  molasses  lor  producing  lermentation  butanol  anc 
acetone  before  World  War  1!,  because  of  greamr  price  stability  and 
"^lower  cost  lor  molasses  as  compared  ivith  grain.  Another  example 
was  the  shift  from  molasses  to  grain  for  industrial  alcohol  production 
during  the  same  war,  when  lack  of  shiiiping  facilities  and  available 
(juantities  of  molasses  prevented  an  adequate  supply  ol  molasses  foi 

meeting  the  war  demands  for  ethanol. 

\/l'he  majority  of  large-scale  fermentation  processes  involves 
carbohydrate  dissimilation.  In  general,  two  classes  of  carbohydiate 
raw  materials  for  fermentation  processes  are  available:  (1)  sac¬ 
charine  substances  and  (2)  pol} saccharides.  It  should  be  noted, 
however,  that  while  most  ol  the  major  fermentations  of  industrial 
imjjortance  involve  transformations  of  carbohydrates,  in  some 
cases,  other  substances  are  the  essential  substrates,  for  example,  sugar 
alcohols,  proteins,  or  lipids. 

In  some  processes,  the  saccharine  substance  used  for  an  in¬ 
dustrial  fermentation  is  pure  sugar,  such  as  sucrose,  glucose,  or 
lactose.  These  are  used  where  special  conditions  of  process,  product 
demand,  or  other  factors  make  the  higher  cost  of  pure  sugar  per¬ 
missible.  In  most  cases,  the  saccharine  substances  employed  are 
cheap  by-products,  and  have  other  ingredients  along  with  the 
fermentable  sugars. 

Blackstraj)  molasses,  a  by-prodiu  t  from  the  manidacture  of  cane 
sugar,  has  been  generally  the  lowest-cost  raw  material  for  the  fer¬ 
mentation  industries.  Blackstrajr  molasses  contains  abont  50% 
lermentable  sugars,  mainly  sucrose  and  invert  sugar,  and  also 
inorganic  comjjounds,  nitrogenous  substances,  and  other  organic 
compounds  of  diverse  nature.  Beet  molasses  is  a  similar  by-product 
horn  the  manidactuie  of  beet  sugar.  In  times  of  surjilus  production 
of  sugar  cane,  high-test  or  invert  molasses  is  available.  This  is  pro¬ 
duced  by  inverting  the  sugar  in  whole  cane  juice  by  heating  at  acid 
reaction,  neutrali/ing,  and  evajiorating  to  about  75%  sugar  content. 

•  Vccording  to  Cfabriel,"  .H.H9  million  gallons  of  high-test  molasses  were 
imported  into  the  United  States  in  1911,  with  an  inqiortation  of 
101  million  gallons  of  blackstra])  molasses  in  the  same  year. 

Other  saccharine  by-products  which  have  been  used  or  suggested 
lor  lermentation  are  whey,  snlfite  waste  litpior  from  the  paper-pulp 
industry,  corn  molasses  or  hydrol,  cull  fruits  and  cannery  wastes 
ol  various  kinds,  citrus-fruit  juices,  pineapple  juice,  etc. 
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Polysaccharide  raw  materials  which  are  used  lor  lermentation 
processes  usually  contain  starch.  Pure  starch  has  been  j>roposed  lor 
cei tain  lernientations  and  large-scale  use  ol  grains,  including  corn, 
wheat,  rye,  niilo,  and  rice,  has  been  practiced  Irequently  in  many 
countries.  Potatoes  and  sweet  jjotatoes  are  other  available  starchy 
raw  materials  and  in  trojiical  regions,  cassava  oilers  much  promise. 

The  manidacture  oL  alcohols  and  other  chemicals  Irom  grain 
starches  reached  a  high  level  in  the  United  States  during  World 
War  II.  Born  If  and  V  an  Lanen'  have  summari/,ed  the  production 
data.  The  consumption  of  grains  lor  ethanol  lermentation  as 
reported  by  Jacobs'^  totaled  about  120  million  bushels  lor  the  4  war 
years  1942-1915.  Since  the  war,  high  jjrices  lor  grains  have  restricted 
their  use  in  lermentation  industries.  However,  potatoes,  which  have 
been  produced  in  large  surplus,  have  been  emjjloyed  in  considerable 
quantities. 

Other  polysaccharide  raw  materials  which  have  been  proposed 
for  fermentation  use  are  those  containing  inulin,  such  as  the 
Jerusalem  artichoke,  and  those  containing  cellulose,  which  is  the 
most  abundant  organic  comj)ound  jiioduced  in  nature.  Wood  waste 
from  the  lumbering  industry  contains  about  50%  cellidose.  Agricul¬ 
tural  wastes  or  residues,  such  as  oat  hulls,  corn  cobs,  cottonseed 
hulls,  peanut  shells,  corn  stalks,  straw,  etc.,  contain  a  similar  pro¬ 
portion  of  cellulose.  Utilization  ol  cellulosic  wastes  lor  lermenta¬ 
tion  processes  necessitates  jjreliminary  saccharification  of  the 
cellulose.  Since  cellulose  is  resistant  to  hydrolysis,  drastic  treatment 
is  necessary,  which  has  j>roved  to  be  somewhat  costly.  Nevertheless, 
in  European  countries,  where  the  jjrotluction  ol  agricidtural  crops 
containing  sugars  and  starch  is  inadetjuate  lor  lood  purjjoses,  the 
saccharification  of  wood  waste  lor  the  lermentation  industries  has 
become  an  established  commercial  practice.  In  the  United  State.s, 
toward  the  end  ol  World  War  II,  a  jjiant  was  built  in  the  Pacific 
Northwest  to  j^roduce  alcohol  by  saccharification  and  lermentation 
of  sawmill  wastes.  This  plant  was  oj^erated  lor  only  a  very  shot  t 
period.  A  process  lor  converting  agricultural  residues,  such  as  corn 
cobs,  has  been  developed  lor  the  jji'oduction  ol  sugar  solutions,  as 
separate  pentose  and  hexose  fractions,  lor  possil)lc  use  in  the  lei- 
mentation  industries.’ 

Since  the  fermentation  industries,  in  general,  emjjloy  as  law 
materials  the  products  ol  agriculture:  primary  products,  such  as 
grains;  derived  products,  such  as  sugars,  starches,  or  high-test  molas- 
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ses;  and  by-products,  such  as  blackstrap  or  beet  molasses,  agiicul- 
turists  and  industrialists  have  become  interested  in  lermentation 
proccesses.  Chemurgists  seek  to  promote  the  use  ol  agricultural  prod¬ 
ucts  in  industry,  especially  as  a  bufter  against  overproduction  ol  larm 
crops  in  the  United  States.  Belore  World  War  II,  it  was  commonly 
?pted  that  American  agricidture  had  a  productive  capacity  lot 
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grain  crops  about  12';o  above  domestic  and  toreign  market  re¬ 
quirements.  During  the  war,  through  technological  advances, 
agricultural  productivity  exj^anded  aliout  .HO  to  H5%  in  this  country, 
according  to  government  estimates.'  Although  surpluses  in  most 
crops  have  not  been  experienced  since  the  war,  largely  due  to  export 
of  farm  crops,  it  is  possible  that  agricultural  surpluses  will  again 
appear  in  this  country.  If  there  will  lie  surjiluses,  they  are  quite 
likely  to  be  considerably  above  those  of  the  prewar  period  and  may 
be  particularly  large  for  grains.  But  surpluses  ol  grains  are  not 
true  surpluses  of  all  grain  constituents.  The  analyses  by  Shepherd, 
McPherson,  Brown  and  Hixon,'’'  Filley,  Loeflel  and  Christensen,* 
Christensen,®  and  others  have  shown  that  the  important  ingredients, 
except  starch,  of  the  so-called  grain  surpluses  are  needed  in  the 
national  economy.  This  is  particularly  true  of  proteins  and  fats 
which  have  always  been  imported  to  meet  recjuirements.  The 
problem,  then,  is  one  of  finding  uses  for  the  starch.  The  use  in 
fermentation  processes  is,  ol  course,  of  great  interest  in  this  con¬ 
nection  and  is  the  subject  of  several  recent  analyses.  Those  of 
Groggins,*  Filley,  Loeffel  and  Christensen,*  Jacobs,'*  and  Hil¬ 
bert  are  good  indications  ol  current  thinking  in  agricultural 
groups. 

A  real  appraisal  of  the  economic  jiosition  of  the  different 
available  raw  materials  lor  lermentation  industries  is  indeed 
difficult.  Most  of  the  appraisals  which  have  been  attempted  have 
covered  only  a  single  fermentation  industry.  Many  of  these  ap¬ 
praisals  are  now  rather  old'"  '®  and  others  are  incomplete.'’"*’""  A 
brief,  but  veiy  geneial,  comparison  ol  the  possible  competitive  posi¬ 
tions  of  the  major  raw  materials  is  given  in  the  following  para¬ 
graphs. 

Obviously,  by-product  materials,  such  as  molasses,  have  the 
lowest  value  and  will  .sell  at  almost  any  figure  below  competitive 
costs  of  other  raw  materials  available  for  ecpiivalent  uses.  Gabriel" 
has  indicated  that  if  there  were  no  sale  value,  cane-sugar  mills  could 
better  afford  to  give  away  their  molasses  than  to  go  to  the  expense 
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ol  disposing  ot  it.V (Certainly  blackstrap  molasses  will  continue  to 
be  a  tavored  raw  material  lor  lernientation  industries,  likewise, 
in  jieriods  ol  sugar-cane  production  in  excess  ot  the  demand  lor 
sucrose,  high-test  molasses  will  be  an  imj^ortant  lactor  in  th.e 
economic  position  ol  lernientation  raw  materials.  An  increasing 
tendemy  to  utili/e  molasses  lor  lernientation  in  the  countries  where 
it  is  produced  may  tlecrease  its  availibility  in  other  countries  whidi 
imjjort  molasses.  The  utilization  ol  molasses  in  the  countries  ol 
origin  is  a  healthy  condition,  but  is  limited  by  the  demand  lor  the 
lernientation  products  and  by  the  availability  ol  processing  water 
and  other  lacilities.  Aries'*  and  (xabrier'  have  reviewed  the  molasses 
situation  and  attempted  to  jiredict  luture  trends. 

.\nother  saccharine  by-product  which  is  achieving  increased 
utilization  as  a  lernientation  substrate  is  the  waste  liijuor  Irom 
sullite-pulj)  mills,  lliis  residue  liad  no  economic  value  in  the  past 
and,  in  many  cases,  constituted  a  serious  disposal  problem,  being  a 
distinct  nuisance  as  regards  stream  jiollution.  Scandinavian 
countries  have  been  using  sulfite  waste  licpior  lor  a  long  time  as  a 
fermentation  sidistrate.  Alore  recently,  jilants  lor  ])roduction  ol 
etlianol  and  yeast  from  stdlite  ivaste  liquor  have  gone  into  operation 
both  in  Canada  and  the  Lbiited  States.  Tousley"”  has  indicated  that 
stdlite  waste  litjuor  is  one  of  the  cheajiest  raiv  materials  for  the 
fermentative  production  of  ethanol  and  yeast  and  that  alcohol  Irom 
waste  sulfite  liquor  should  be  able  to  compete  witii  akohol  Irom 
molasses.  The  potential  jn'odmtion  of  ethanol  Irom  this  source, 
shoidd  all  the  waste  liejuor  available  iii  the  United  States  be  utilized 
for  this  purpose,  woidd  jirobably  be  somewhat  in  excess  ol  50 
million  gallons  per  year.™  However,  jdants  producing  alcohol  from 
this  source  must  be  constructed  and  oj)erated  in  conjunction  Avith 
sulfite-jjulp  mills  and,  in  many  cases,  limitations  in  the  size  ol  the 
mill,  availability  of  supplies  and  water,  location,  and  other  fiutors 
would  not  ^variant  the  oj^eiation  ol  alcohol  plants  by  all  sidlite- 
pulp  mills,  d'ousley-"  estimates  the  jnacticable  maximum  output  ol 
akohol  from  waste  sulfite  hkpioi  at  25  million  gallons.  Increasing 
use  of  this  by-product  lor  ethanol  and  yeast  manulacture  may  be 
expected,  both  as  ;i  means  of  securing  a  monetary  leturn  Irom  an 
otherwise  wasted  by-product  and  as  a  means  ol  combating  the  dis- 
posttl  nuisance  of  snlfite-j)ulj)  plants. 

Whey,  or  lactose  from  whey,  is  a  jjotential  large-scale  source  ol 
fermentation  cliemicals.  Smitli  and  Chd)orn"'  have  estiimited  that  a 
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total  of  2.7  billion  poniids  of  lactose  could  be  obtained  lioni  skiin^ 
milk  and  other  tlairy  by-products,  a  large  percentage  of  which 
coidd  be  made  available  lor  fermentation.  Wdiey  contains  about  5  /q 
lactose.  Since  milk  and,  therefore,  also  whey  contain  large  numbers 
of  microorganisms,  spontaneous  fermentation  takes  jjlace  lapidly. 
For  apjilication  in  fermentation  industries,  whey  woidd  have  to  be 
used  at  the  source  or  lactose  separated  from  it  lor  subsequent  use. 
Fermentation  industries  jiroducing  antibiotics  and  lactic  acid  noAV 
utilize  this  source  of  carbohydrate  to  a  certain  extent.  Lactose  is 
(iirrently  employed  in  large  amounts  in  the  penicillin  lernientation. 

Raw  materials  containing  starch,  e.g.,  the  grains  and  potatoes, 
are  raised  primarily  for  food  or  feed  jjurposes.  The  food  and  feed 
markets  for  grains  command  higher  prices  than  most  fermentation 
industries  can  afford.  For  jjrohtable  utilization  of  grains  by  fer¬ 
mentation  industries,  special  factors  must  be  operative.  Since 
[irimarily  only  the  starch  of  the  grains  is  fermented,  in  some  cases, 
by-product  credits  for  other  grain  components  may  make  fer¬ 
mentative  utilization  feasible.  For  example,  from  wheat,  the  gluten 
may  be  isolated  and  used  for  the  manufacture  of  monosodium 
glutamate,  llie  residual  starch  then  serves  as  an  economical  source 
of  fermentation  carbohydrate.  From  corn,  the  corn  oil  and  protein 
feed  concentrates  or  steep  liquors  are  by-products  which  lower  the 
cost  of  the  starch  for  fermentative  utilization.  It  has  been  suggested 
that  by  suitable  extraction  procedures,  a  high-quality  wax  can  be 
ol)tained  from  sorghum  grains  (milo),  which,  along  with  oil  and 
protein  feed  credits,  may  have  sufficient  monetary  value  to  allow 
the  use  of  residual  starch  lor  fermentation. 

Suggestions  for  the  application  of  grain  surpluses  by  fer¬ 
mentation  industries  have  been  numerous,  ft  was  also  proposed  to 
subsidize  fermentation  industries  or  farmers  in  various  ways  so  that 
gram  surpluses  could  be  economically  used  in  fermentation  proc¬ 
esses.  Since  ol  the  present-day  fermentation  processes  only  the 
alcoholic  lernientation  industry  is  sufficiently  large  to  absorb  ap¬ 
preciable  quantities  ol  grain  surjduses,  greatest  emphasis  has  been 
placed  on  this  fermentation  as  an  outlet  for  surpluses. 

Although  markets  for  industrial  ethanol  have  been  expandino 
present  uses  would  not  absorb  the  large  amounts  of  alcohol  whidi 
could  be  produced  from  possible  grain  surpluses.  Very  large  new 
outlets  lor  alcohol  would  be  retp.ired  for  this  purpose.  A  fainili  n- 
ptoposal  has  been  to  utilize  excess  grains  for  production  of  alcohol 
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lor  bleiuliiig  gasoline  as  nioior  luel  lor  internal-coniljustion 

engines.  Although  technically  leasil)le,  this  proposal  has  met  great 
opj:)osition  in  the  United  States  on  the  grounds  that  it  is  not 
economic  to  hlend  the  relatively  higher  priced  alcohol  with  cheaper 
gasoline.  Many  loreign  countries,  where  jjetroleum  must  he  im¬ 
ported,  have  quite  generally  employed  alcohol  hlends  and,  during 
193(>-19S7,  more  than  15  million  gallons  ol  alcohol-hlend  luels  were 
ilistrihuted  in  the  middlewesl  ol  the  United  States''*  with  entire 
satisfaction  to  the  users  ol  this  fuel  in  motor  cars. 

Recently,  considerahle  interest""’'^"**''  has  developed  in  the 
possibility  of  employing  alcohol  as  a  supplemental  fuel  for  internal- 
combustion  engines.  In  this  system,  an  alcohol-water  mixture  is 
carried  in  a  sejjarate  tank  and  is  admitted  to  the  intake  manifold 
by  means  of  an  automatically  controlled  metering  device  that 
injects  the  alcohol  when  conditions  are  favorable  for  detonation, 
i.e.,  open  throttle  and  relatively  low  jhston  speed  in  most  engines. 
I'his  system  would  be  well  adajjted  to  use  with  very-high-compres- 
sion  engines.  Theory  indicates,  and  apparently  tests  confirm,  that 
by  using  compression  ratios  of  10:1  and  higher,  fuel  consumption 
by  automotive  cxpiipment  might  ^  retiucetl  by  as  much  as  50%. 
Several  large  automobile  manufacturing  concerns  are  apparently 
ready  to  jiroduce  such  high-compression  engines  for  stock  auto¬ 
mobiles,  but  the  available  fuels  limit  the  usable  compression  ratio 
to  about  7.5:1.  \'ery  high  octane  rating  fuels  are  required  for  the 
high-comjjression  engines,  but  this  retpiirement  is  only  at  periods 
of  full  throttle  and  high  load.  Automobiles  etpiipped  with  high- 
comj)ression  engines  shoukl  operate  very  efficiently  with  a  dual  luel 
system,  using  conventional  motor  fuels  and  alcohol  injection  to 
prevent  detonation  and  promote  lull  efficiency  under  peak  load 
and  open  throttle.  It  should  be  noted  that  methanol  and  isojirojiyl 
alcohol  can  be  used  as  well  as  ethanol  in  this  manner  and  all  three 
hav'e  substantially  the  same  value  lor  this  jnirjiose.  Should  this 
system  be  generally  adopted,  with  all  automotive  etpn'jmient  in  the 
United  States  so  ecpiipped,  the  consumption  of  aUohols  woidd  reach 
al)out  a  billion  gallons  jier  year  for  this  service.  I  his  would  be  a 
tremendous  outlet  for  fermentation  ethanol  and  synthetic  alcohols, 
which  might  well  take  care  of  all  foreseeal)le  grain  surj)luses  and 
even  require  the  gTovv'ing  ol  crops  primarily  lor  alcohol  produc  tion. 

T  he  eccmomic  position  of  wood  waste  and  agricultinal  resi¬ 
dues  as  potential  raw  materials  for  fermentation  seems  to  be  less 
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subiect  to  speculation  and  controversy  than  that  ol  other  available 
substances.  They  will  undoubtedly  continue  to  be  employed  and 
their  utilization  be  expanded  in  countries  which  cannot  raise 
sulRcient  food  crops  to  meet  the  requirements  ol  their  |X)pulation. 
However,  the  drastic  conditions  necessary  lor  the  saccharification  of 
cellulosic  materials  result  in  high  plant  costs  and  high  jiiocessing 
costs,  making  these  materials  uneconomic  in  the  United  States  in 
comparison  with  other  available  fermentation  substrates.  Recent 
reports  indicate  that,  under  certain  favorable  conditions  of  loca¬ 
tion,  utilization  ol  agricultural  residues  by  a  newly  developed 
jirocess,^'^  might  be  feasible  industrially  and  reseaich  on  the  utiliza¬ 
tion  of  all  sorts  of  cellulosic  materials  for  fermentation  may  be 
expected  to  continue. 

A  consideration  of  raw  materials  for  lermentation  industries 
would  not  be  complete  without  mention  of  the  importance  of 
adequate  water  siq^plies.  While  water  is  not  directly  a  sid)strate 
for  fermentation,  microorganisms  act  in  atpieous  media  and  any 
fermentation  industry  is  basically  dependent  on  the  availability  ol 
very  large  supjilies  of  water.  This  water  is  required  for  preparation 
of  fermentation  mashes,  for  steam  jiioduction,  for  jjrocessing  opera¬ 
tions,  and  especially  for  cooling.  Fermentation  plants  have  failed 
just  because  c^f  inadequate  supplies  of  cold  water!  The  design 
data  for  the  industrial  alcohol  plant,  built  and  oj^erated  for  the 
United  States  government  during  World  AVar  II  at  Omaha, 
Nebraska,  indicated  a  re(|uirement  ol  about  65  gallons  of  water  jjer 
gallon  of  alcohol  jjroduced  and  during  hot  summer  months,  the 
actual  consumption  went  as  high  as  80  gallons  of  water  per  gallon 
of  alcohol.  During  the  peak  production  j^eriods,  4  to  7  million 
gallons  ol  water  were  pumped  at  this  plant  daily.  Probably  the 
first  major  consideration  in  the  location  ol  a  fermentation  plant 
shoidd  be  adequate  siqjplies  ol  good  (piality,  cold  water. 


Fermentation  industries  are,  in  many  cases,  faced  Avith  severe 
competition  by  synthetic  jjrocesses  lor  the  }jroduction  of  the  same 
chemicals.  For  example,  fermentation  ethanol  must  compete  Avith 
ethanol  made  from  ethylene,  a  by-product  of  petroleum-cracking 
processes.  Fermentation  butanol  and  acetone  also  must  compete 
Avith  these  compounds  made  synthetically  from  i^etroleum  gases. 
There  is  considerable  interest  in  the  alcohols  which  are  produced 
horn  operation  of  Fischer-dfiopsch  plants  for  production  of  synthetic 
fuels  from  natural  gas  or  coal.  Schroeder*  has  described  the  general 
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siuiation  and  has  indicated  that  by  this  means,  very-low-cost 
alcohols  may  become  available  in  large  amounts. 

All  branches  of  chemical  industry  must  j^nxluce  basic  com¬ 
pounds  at  the  lowest  jiossible  prices,  d’he  processes  which  survive 
are,  therelore,  those  which  are  most  economical.  A  fermentation 
industry  will  compete  with  synthetic  ])rocesses  only  at  utmost 
economy  and  efficiency.  Some  fermentation  processes  which  are 
technically  sound,  such  as  isopro])yl  alcohol  and  glycerol  produc¬ 
tion,  have  not  been  developed  industrially  because  of  the  more 
favorable  economic  position  of  synthetic  ])rocesses  for  these  sub¬ 
stances. 

In  some  processes,  however,  the  products  of  fermentation  pro¬ 
cedures  are  unicpie,  i.e.,  these  products  have  not  been  produced 
economically  by  synthetic  methods,  (atric  acid,  lactic  acid,  peni¬ 
cillin,  and  streptomycin,  for  example,  at  present  have  no  serious 
competition  from  synthesis.  Nevertheless,  increased  efficiencies 
and  economies  in  each  of  these  fermentation  industries  have  resulted 
in  markedly  lowering  the  j^roduction  costs  and  })rices  at  which  these 
chemicals  are  sold  to  the  consumer. 

In  the  following  chapters,  sjjecific:  fermentation  processes  ol 
actual  or  jiotential  industrial  significance  are  discussed  in  con¬ 
siderable  detail.  In  connection  with  each  fermentation,  the  his¬ 
torical  or  research  background  is  summari/ed  and  the  available 
raw  materials  are  considered.  I’he  microbial  cidtures  employed 
and  the  methods  of  their  maintenance  and  cultivation  arc  described. 
The  jiroccdurcs  in  laboratory  and  plant  jiractice  are  discussed  and, 
in  many  cases,  are  illustrated  ivith  llowsheets  and  cejuipment  lay¬ 
outs.  Consideration  is  given  to  by-iiroducts,  their  imjiortance,  and 
recovery.  I'lie  eionomits  ol  the  jirocess,  use  ol  the  jiroducts,  and 
(ompetitivc  operations  and  jirocesses  are  reviewed.  Finally,  minor 
variations  and  new  develojmients  are  also  discussed.  In  this  manner, 
the  book  gives  an  over-all  picture  of  the  ramilications  of  Industrial 
Fermentations. 
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Part  I.  ALCOHOLIC  FERMENTATION  AND  ITS 
MODIFICATIONS 


ALCOHOLIC  FERMENTATION 
OF  GRAIN 

I 

11’.  H.  Stark 


The  alcoholic  lennenLalion  is  Lhe  largesl  secior  of  Lhe  fer- 
ineiuaiion  indusLries  in  terms  of  protlnct  tjuanLiLy,  number  of 
commercial  units,  and  jjersons  emjiloyed  directly  and  indirectly. 
1  he  alcohol  fermentation  industry  of  t(jday  is  an  outgrowth  of  whaL 
may  be  the  oldest  chemical  process  carried  out  by  mankind.  The 
original  use  ol  alcoholic  fermentation  was,  ol  course,  for  preserving 
Irnit  juices,  and  man’s  first  volitional  use  ol  this  fermentation  is 
lost  in  the  jiages  of  antitpiity.  Later,  the  fermentation  was  adapted 
to  the  prejxnation  of  fermented  grain  beverages  and  then  distilled 


btveiages.  In  mote  motlein  times,  jjrodnction  ol  alcoholic  beverages 
became  a  sizable  industry  and  governments  found  in  alcohol  a 
lertile  field  for  the  tax  collector. 

When  syntheti(  organic  chemistry  began  its  rai)id  advance 
about  a  century  ago,  alcohol  became  an  indispensable  chemical, 
Init  its  extensive  mannfactnring  use  was  hampered  by  the  excessive- 
taxes.  l  he  problem  was  to  devise  a  means  for  conserving  govern¬ 
ments’  tax  interest  in  potable  alcohol  and,  at  the  same  time,  making 
alcohol  availablj^x-lree  lor  indnstrial  nses.  riie  procedure  evolved 
for  accomplishing  this  end  is  technically  known  as  “denatnration.” 
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Most  countries  now  pennii  the  induslrial  use  ol  denatured 
alcoliol  tax-lree.  (ireat  liritain  was  tlie  first  country  to  autliori/.e 
denaturation,  in  1855  legalizing  alcohol  to  which  10%  of  wood 
alcohol  was  added  as  “methylated  spirits.”  It  was  not  until  the 
industrial  alcohol  act  ol  190()  that  denatured  alcohol  was  legalized 
in  the  United  States,  d  he  inamdacttire  and  .sale  of  alcohol  is  of 
necessity  closely  controlled  by  governmental  agencies.  In  the  United 
States,  alcohol  is  produced  in  accordance  with  the  regulations  of 
the  Bureau  of  Industrial  .\lcohol  of  the  United  States  Dejxirtment 
of  the  I'reasury.^^ 

During  World  War  II,  the  demands  for  industrial  etlni  alcohol 

^  0 

were  nudtiplied  four-  or  fivefold  above  the  prewar  normal,  due  to 
its  use  in  synthetic  rubber  and  smokeless  powder  manufacture. 
With  molasses  imports  inadecjuate  at  best  and  further  curtailed  by 
the  enemy  submarine  camjjaign,  the  grain-alcohol  process  met  the 
rec|uirements.  In  peacetime,  the  economics  of  alcohol  production 
are  such  that  most  of  the  industrial  alcohol  is  derived  bv  fermenta- 

j 

tion  of  molasses  and  by  synthesis  frcjin  petroleum  sources,  while 
most  of  the  alcohol  produced  by  fermentation  of  grains  is  used  for 
beverages.  Recentlv,  /Vrnold  and  Kremer^"  made  an  economic  study 
of  various  processes  for  industrial  alcohol  production,  placing 
jjarticular  emjihasis  on  the  future  of  corn  as  a  raw  material. 

The  data  j^resented  in  I'able  1  illustrate  the  size  of  the  alcohol 
industry  and  the  importance  of  the  alcoholic  fermentation  of  grains. 
Many  plants  operate  under  both  industrial  alcohol  license  and  as 
registered  distilleries  so  that  the  total  number  of  physical  units  is 
somewhat  smaller  than  the  sum  of  the  operating  plants  as  shown. 
It  is  interesting  to  note  the  tremendous  increase  in  alcohol  produc¬ 
tion  during  the  years  of  VVh)rld  War  11  and  the  high  jjercentage  of 
alcohol  derived  from  grains  during  that  period  in  both  types  of 
jilants.  In  peacetime,  large  (|uantities  of  alcohol  are  produced  from 
grains  in  registered  distilleries  and  very  little  in  industrial  alcohol 
plants. 

A  breakdown  of  the  raw  materials  used  for  ethyl  alcohol 
production  in  the  Unitetl  States  and  its  po.ssessions  is  pre.sented  in 
Table  2.  The  principal  raw  materials  used  for  the  manufacture  of 
fermentation  alcohol  in  the  United  States  are  molasses  and  grains. 
However,  other  available  substrates  containing  sugars  or  starch 
are  potential  raw  materials  lor  alcohol  lermentation  and  are 
employed,  to  a  certain  extent,  in  this  and  othei  (ountiies.  The 
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“  I’crcentage  calculated  from  grain  used,  based  on  an  assumed  average  yield  of  4.9  proof  gal.  per  56  lb.  bushel  of  grain. 
■Source:  lb  S.  Treasury  Dept.  .Annual  Report  of  the  (Commission  of  Internal  Revenue. 
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alcoholic  fermentation  of  molasses,  of  sulfite  waste  licjuor,  and  of 
wood  waste  are  discussed  in  C^hapters  8,  4  and  5  of  this  book. 

The  fermentation  of  starchy  materials,  such  as  grains,  is  some- 
Vhat  more  involved  than  that  of  saccharine  materials,  'khis  is 
due  to  the  nature  of  the  raw  material  and  the  necessity  of  sac¬ 
charification  of  the  starch  to  fermentable  sugars.  However,  the 
principles  of  the  fermentation  projjer  and  of  the  fundamental  plant 
operations  are  similar  for  all  alcoholic  fermentations  regardless  of 
substrate.  These  principles  are,  therefore,  discussed  in  considerable 
detail  in  this  chapter,  and  in  the  sid^sequent  chapters  on  the 
alcoholic  fermentation  of  other  sidistrates,  they  will  not  be  con¬ 
sidered  in  such  detail.  However,  modifications  and  innovations 
required  by  the  specific  substrates  will  be  emphasized  in  the  latter 
discussions. 


RA\V  MATF.RIALS 

It  will  be  seen  by  reference  to  liable  2  that  the  grains  most 
commonly  employed  are  corn,  malt  (primarily  barley  malt),  and  rye. 
Dining  the  latter  jiart  of  World  War  11  and  the  early  postwar 
peiiod,  large  quantities  of  wheat  were  used  and  sorghum  grains 
(milo  and  kafir)  to  a  lesser  extent.  Potatoes  were  also  used  in 
sizable  quantities  and  these  are  included  under  “other”  materials  in 
I'able  2. 

1  able  8  contains  data  on  re]nesentative  yields  of  alcohol  from 
dilfeient  tyj^es  ol  grains.  1  hese  data  are  from  several  sources  and 
where  jjossdde,  the  starch  content  and  fermentation  efficiency 
(plant  basis)  are  shown. 

.Mcohol  yield  and  lernientation  efficiency  are  expressed  in  the 
industry  in  various  ways.  Since  the  terms  “vield”  and  “efficiency” 
will  be  used  frequently,  their  explanation  may  be  helpful.  Efficiency 
and  alcohol  yield  are  usually  defined  as  follows: 


%  fermentation 
efficiency 


actual  alcohol  jircduced 


Oi) 


theoretical  alcohol  from  sugar  fermented  ^  * 

%  plant  efficiency  or  fermentation  efficiency  (plant  basis)  = 

_ - _ actual  alcohol  produced  i 

theoretical  alcolTdnW'todd^ctdT^^ 

alcohol  yield  ^  gallons  of  alcohol  of  given  concentration 
per  standard  unit  of  rate  material  to  process 
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I  able  o.  alcohol  yields  FROM  SEVERAL  GRAINS 


•Starch  content 

.\lcohol  yiel(t 

fei  mentation 

Kind 

l’(j  per  bn 

efiiciency 

I  ype 

% ,  dry  basis 

dry  basis" 

plant  basis*’ 
% 

t'orn' 

'lellow  (lent  hybrid 

— 

(i.OO 

0.).5 

Ciorn' 

N'cllow  dent  hybrid 

— 

5.93 

94.3 

('.orii'' 

Yellow  dent  hybrid 

— 

5.87 

93.2 

('.orn'* 

\'ellow  dent  hybrid 

<)7.4 

(i.OO 

9 1 .9 

Wheat" 

Winter,  soft  white 

72.5 

5.78 

82.5 

Wheat" 

Winter,  yvhite  clnb 

72.3 

5.75 

82.4 

Wheat" 

Hard  red  winter 

()*).! 

5.(i9 

85.2 

Wheat" 

■Soft  red  winter 

()«.-f 

5.00 

84.0 

Wheat" 

liard  red  winter 

()2.3 

5.40 

'J0.5 

Wheat" 

Red  ilnrnin 

()2.5 

3.37 

89.0 

Wheat" 

tlard  red  spring 

(Dark  northern  .sjn'ing) 

5.22 

85.0 

Rye- 

(tianidar 

— 

4.()8f 

91.5 

wheat 

llonr*-’ 

— 

(i.lO 

84.0 

Sorgiunn 

grain*' 

Xfilo-Iionita 

(i8.« 

0.04 

93.4 

“  1*(;  per  hii  gallons  of  100°  proof  alcohol  per  50  lb  dislillery  bushel. 

'■  Based  on  total  starch  charged  to  process. 

°  Kolachov.‘^“ 

''  .Stark,  Kolachov,  and  Willkie.'*'^ 

-  W'illkie,  Kolachov,  and  Stark. 

'  .\s  received  basis. 

*'  Krh  and  Hildehrandt.''' 

''  I’ackovvski,  .\dains,  and  Stark.-’* 

Ehc  aniotiiits  ol  alcohol  proclticecl  can  be  tlcici ininccl  by 
analysc.s  of  Irotn  invenioi  y  recortl.s  til  ter  distillation. 

Each  ol  these  methods  ol  analyzing  a  single  lennentation  of 
gfoti))  ol  lefinentations  has  its  own  paftienhif  vahie  in  the  indtistfy. 
Whefeas  the  aecotintants  and  inanageinent  afe  pfimafily  eoneenied 
with  alcohol  yield,  since  it  fellects  the  fettifii  ol  .salable  jtfodnet  pef 
tinit  ol  law  inatefial,  the  tec  hnical  stall  nuist  not  oveflook  etficiency. 
Eefinentation  elliciency  is  an  index  ol  the  physiological  condition 
ol  the  yeast.  Plant  elHciency  is  a  standaicl  lof  the  evalnation  ol  all 
|)focess  o])efations  lioni  the  law  inatefial  thiongh  lefinentation, 
Of  thfoiigh  distillation  ii  based  on  the  alcohol  in  stoiage  tanks. 

\'east  lefinentations  ol  grain  mashes  oiclinafily  lesnlt  in  lei- 
mentation  efficiencies  ol  98%  jilns  of  minus  2%  (analytical  eiioi) 
on  the  sngaf  lefinented  and  the  jilant  efficiency  (staich  chaiged  to 
jnocess)  will  vafy  with  the  giain  lefinented  and  the  method  ol  staich 
analysis  (.see  I'ahle  ‘1).  .Alcohol  yields  have  geneially  been  leiKifted 
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as  i^rool  gallons  per  bushel  of  grain  (as  received  basis)  in  commercial 
practice,  d'he  standard  distillery  bushel  is  5()  lb.  and  a  proof  gallon 
is  one  U.  S.  ^vine  gallon  of  ethyl  alcohol  at  100°  U.  S.  proof,  or  50% 
'by  volume.  I’he  trend  in  the  recent  literature  is  to  report  alcohol 
yields  as  proof  gallons  per  bushel  of  grain  (dry  basis),  or  as  jnoof 
gallons  per  100  lb  of  dry  grain  and  with  the  starch  analysis  of 
the  grains  which  permits  a  calcidation  of  efficiency. 


CULTURES  AND  THEIR  MAINTENANCE 

The  alcoholic  fermentation  of  grain  mashes  is  accomplished  by 
means  of  true  yeasts.  I  hose  most  commonly  used  are  strains  of 
Saccharoniyces  cerevisiae;  strains  of  Succharoniyces  ellipsoicleus  or 
“wine  yeasts’’  may  also  be  used.  The  criteria  of  good  distillery 
yeasts  are  rapid  growth,  high  alcohol  and  sugar  tolerance,  efficiency 
in  the  conversion  of  the  carbohydrates  of  grain  mashes  to  alcohol,  a 
maximum  growth  temperature  of  at  least  93°F,  and  general  hardi¬ 
ness  to  fairly  extreme  changes  in  environmental  conditions,  such  as 
pH,  temperature,  and  osmotic  pressure.  Fortunately,  a  relatively 
high  percentage  of  yeast  strains  meets  these  criteria.  Satisfactory 
fermentation  will  be  obtained  wuth  yeast  isolated  from  any  com¬ 
mercial  bakers’  yeast;  in  fact,  some  grain-alcohol  plants  have  been 
operated  with  bakers’  yeast  charged  directly  to  the  fermentors, 
although  this  is  not  a  recommended  practice. 

Theie  ate  definite  and  measurable  variations  between  yeast 
strains  in  alcohol  yield,  effect  on  the  llavor  of  distillates,  alcohol 
toleiance,  and  other  essential  characteristics.  For  these  reasons,  it 
is  good  piactice  to  select  yeast  strains  in  a  scientific  manner. 

I  he  selection  ol  suitable  strains  may  be  accomplished  by  means 
of  indirect  jdiysiological  studies  of  alcohol  tolerance, sugar 
tolerance,  and  grcnvth  and  fermentation  rates.  A  more  direct  and 
time-saving  practice  is  to  conduct  laboratory  test  fermentations  on 
gram  mashes.-"'*  This  results  in  an  accurate  evaluation  of  the  yeast 
strain  under  simulated  plant  conditions. 

The  alroliol  tolerance  of  the  yet.st  is  one  of  its  most  imimrtant 
cliaiaaeristits.  The  maxinnnn  alcohol  concentiation  at  ivhich 
growtii  will  occni  is  of  less  importance  than  the  ellect  of  lower 
ycohol  concentrations  on  the  fertnentation  rate.  It  is  in, practical 
o  leitnent  at  carhohychate  concent, alions  etpiivalent  to  alcohol  at 
I.e  maxnnnn,  tolerance  of  the  yeast  sttain,  since  the  growth  and 
c.tnentattot,  rate  .s  neghgthle  at  that  |roint.  Thertfore,  it  is 
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desirable  lo  cleierniine  tlie  iei mentation  rate  oi  yeast  strains  at 
various  aleohol  eoneentrations,  using  a  method  sindlar  to  that  oi 
Gray.”’’  l'al)le  1  presents  data  Iroin  his  work  and  also  lists  a  lew 
strains  ol  distillery  yeasts. 


I'Aiu.K  1.  ALCOHOL  LOLLRANCL  OF  CLR  LAIN 
1) IS  FILLERS’  YEAS  FS 


No." 

Yeast  Culture 

Name 

.Mcoliol  tolerance’’ 
%  hy  weight  alcohol 

2 

Saecliaroiuyces  cerex’isiae  Hausen 

5.79 

22 

Fission  type,  unclassitied 

5.79 

it) 

/.X^osaerliaromyees  sojn  11 

4.82 

Saccliarouiyces  cerex’isiae  Hansen 

7.72 

2(i 

Scliizosarrliarouiyres  uiellacei  Jorgenson 

7.72 

24 

Sax  ( liaroiuyces  ellil>s()i(leus  Han.sen 

9.()5 

2:> 

Schizosarx  liarouiyx  es  [xoiiihe 

8.68 

Sarxharx)iu\ces  cerex'isiae  Hansen—Rasse  Nil 

8.68 

4- 

Sax'x'liarouiyces  cerx'x’isiae  Hansen 

8.68 

3‘- 

Sxicx'harouiyres  cerex’isiae  Hansen 

10.61 

28‘' 

Saccliarxxuiyces  cerexnsixie  Hansen—Rasse  M 

10.61 

31  ‘ 

Sxiccliarx)»iyces  cerx'x’isiae  Hansen 

1 1 .58 

“  Seagram  stock  culture  collection  numiter. 

•’  Delined  !)>  (iray  as  "the  maximum  percentage  of  alcohol  (l)y  weight)  at 
which  ijercentage  of  glucose  utili/.ation  is  no  more  than  1%  helow  the  i)ercentage 
of  glucose  utili/alion  in  the  control  flask  of  the  same  series"  (under  the  con 
(lit ions  of  his  test). 

'■  ('.ommercially  used  strains. 

Source:  (iray.'-^'' 

Ciiltnres  ol  yeast  lor  plant  use  are  nsnally  inainlaineil  in  the 
laboratoiy  on  malt  extrael-agat  slants.  Stock  enlimes  ate  commonly 
translerred  at  monthly  intervals  and,  alter  inenhation  to  sectire 
good  growth,  are  stored  in  a  reli  igei  atoi . 

FERM EN  I  .V  1  ION  M E(dIANISMS 
I  he  yeasts  are  not  able  to  lerment  starch  directly,  therelore,  an 
essential  stej)  in  the  production  ol  aleohol  Irom  grain  is  the 
saccharilicaiion  ol  the  starch  to  maltose  or  glucose  by  means  ol 
en/.ymes  or  acids.  .Vhnost  all  distilleries  now  use  malted  barley 
(distillers’  barley  malt)  as  a  .source  ol  amylases  lor  this  stej). 

I  he  physical,  chemical,  and  biological  translormations  that  are 
involved  in  the  conversion  ol  grain  to  ethyl  alcohol  may  be  snm- 
mari/.ecl  in  lonr  separate  stages:  (1)  hydration  ol  starch,  (2) 
gelatinization  ol  starch,  (.S)  enzymic  (or  acid)  hydrolysis  ol  starch 
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to  iernicntable  carbohydrates,  (1)  conversion  ol  sugars  to  etliyl 
alcohol  by  yeast  lerinentation. 

The  hydration  ol  starch  is  lacilitated  by  milling  the  giain. 
',^he  finely  divided  starch  becomes  sulhciently  hydrated  on  dispersion 


m  water. 


St 


ii  1  • 

The  gelatini/ation  ol  starch  is  governed  by  the  type  ol  the 
exarch,  time-temperature  relations,  ])article  si/e,  and  mash  con¬ 
centration.  The  optimal  relationships  will  vary  with  each  type  of 
starch.  This  step  is  an  essential  j>recursor  to  the  enzymic  hydrolysis 
of  starch. 

The  enzymic  hydrolysis  or  conversion  of  starch  produces  a 
mixture  of  maltose  and  unfermentable  clextrins.jyThe  reaction  Avill 
reach  ecjuilibrium  with  the  maltose-dextrin  ratio  controlled  by  the 
chemical  comjjosition  of  the  starch.  Starch  is  comjjosed  of  amylose 
and  amylopectin.  Fhe  amylose,  or  straight-chain  starch  fraction,  is 
almost  cjuantitatively  hydrolyzed  to  maltose,  whereas  the  amylo- 
]jectin,  or  branched-chain  fraction,  is  only  partially  hydrolyzed.’ 
In  the  case  ol  cc^rn  starches,  the  reaction  stojjs  with  approximately 
80%  ol  the  total  starch  converted  to  maltose  and  the  remainder  to 
branched-chain  fragments  referred  to  as  residual  or  limit  dextrins. 
I  he  dextrins  are  subsec|uently  slowly  hydrolyzed  to  maltose  during 
the  lerinentation  stej).  I  his  will  be  discussed  later  in  more  detail. 

Sugars  can  be  utilized  as  a  source  of  energy  by  almost  all  animal 
and  plant  organisms.  Whth  many  microorganisms,  sugars  arc  a 
ineferred  source  of  energy,  but  there  is  a  vast  dilierence  among 
various  microorganisms  as  to  the  type  ol  sugars  that  can  be  utilizecl. 
leasts  lerment  the  d-  or  naturally  occurring  lorms  of  glucose,  man¬ 
nose,  Iructose,  and  galactose.  None  ol  the  ordinary  yeasts  lerments 
jjentoses.  I  he  clisacc harides  sucrose  and  maltose  are  also  readily 
fermented  by  yeasts  since  they  jnoduce  the  enzymes  sucrase  (in- 
vertase)  and  maltase  which  convert  these  sugars  to  the  lermcntable 
hexoses.  d'here  is  experimental  evidence  that  maltose  may  also 
t.ndergo  direct  fermentation.  Whether  this  is  generally  true  or 

•naltose  is  usually  brst  hydrolyzed  to  glucose  is  of  theoretical  interest 
only. 

The  „ve.-all  reaction  ol  the  let tttetttaliott  ol  hexose  sttear  hv 
yeast  ts  ex|>resse<l  by  tite  Gay-Lttssac  et|tttttit>ti: 

,  .  .  .  ^ ‘■iCdb.oH +  2(:() 

m  e<|tta,tott  ts  the  basis  lot  all  efficiettcy  caletthttiotts.  However 
has  heett  reettgttt/etl  sittce  the  tittte  ol  Pttstettt  titat  tttittor  |,roclttcti 
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arc  also  rcgiilaiiy  produced  Iroiii  sugars  l)y  yeasts,  including  glycerol, 
lac  tic  acid,  and  succinic  acid. 

A  great  deal  ol  research  in  many  lal)oratories  has  Ix-en  devoted 
to  investigating  the  metabolism  ol  sugar  by  yeast  and,  as  a  rcsidt, 
the  mechanism  ol  the  complex  translormations  which  take  place 
and  the  en/ymes  responsible  ior  these  changes  are  now  better 
understood  than  lor  anv  other  organism,  d  he  reactions  ol  veast 
lermentation  and  their  interrelationships,  usually  designated  the 
Embden-Meyerhol-lhtrnas  scheme,  are  shown  in  Figure  1. 

It  is  beyond  the  scoj)e  ol  this  book  to  discuss  the  details  ol  these 
reactions  or  the  mass  ol  experimental  evidence  which  has  led  to  the 
elucidation  ol  this  mechanism  ol  yeast  lermentation.  Excellent 
treatises,  such  as  those  ol  Haldwin,*'*  Pc^rter,^^  Stephenson, and 
WA'i'kman  and  Wilson^”"  discuss  the  mechanism  ol  this  and  other 
lermentations  in  detail  and  should  be  considted  by  the  interested 
reader. 


ALCOHOLIC  GR.MN  FERMENTATION  PROCESS 

The  commercial  ]>rocess  ol  alcoholic  grain  lermentation  has 
been  developed,  as  is  true  lor  all  commercial  processes,  to  provide 
proper  conditions  lor  the  conduct  ol  the  essential  reactions  on  an 
economic  scale  and  in  an  economic  manner.  1  he  essential  reactions 
have  been  listed  belore.  These  are  accomplished  in  commercial 
practice  in  the  dearly  defined  and  sejjaratc,  yet  integrated,  process 
stcj)s  as  lollow; 

(1)  Milling— reduction  ol  particle  size  prior  to  hydration 

(2)  Cooking— hydration  and  gelatinization  ol  starch 

{?>)  Cionversion— en/ymic  hydrolysis  ol  starch 

(1)  Fermentation- production  ol  ethyl  alcohol  Irom  lernicnt- 
able  sugars  (includes  limit  dextrin  conversion) 

(5)  Distillation— product  recovery 

(('))  Recovery  ol  grain  residues— by-product  operation 

T  he  details  ol  these  operations  are  discussed  in  this  section. 

Com  position  of  Grain  Mashes;  Grain  Bills 

A  grain  mash  consists  ol  two  or  more  kinds  ol  grains  mixed 
with  water.  T  he  only  exceptions  to  this  are  the  rarely  used  100% 
malt  (rye,  barley,  or  wheat)  mashes,  d'he  relatively  high  cost  ol 
malted  grains  and  their  low  starch  content  restiict  theii  use  to 
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POLYSACCHARIDE 


GLUCOSE 


i  Hj  PO4 (PHOSPHORYLASE) 


+  ATP  (HEXOKINASE) 


GLUCOSE -I  -  PHOSPHATE 
(CORI  ESTER) 

N 


- q|  lirnt^F  -  ft  -  PHOSPHATE  +  AOP 

(PHOSPHOGLUCOMUTASE)  (ROBINSON  ESTER) 

(PHOSPHOHEXOSE  ISOMERASE) 

FRUCTOSE-6-  PHOSPHATE 
(NEUBERG  ESTER) 

f  ATP  (PHOSPHOHEXOKINASE) 

FRUCTOSE  -  1,6-DIPHOSPHATE  +  A  D  P^. 
(HARDEN  -  YOUNG  ESTER)  ‘ 

(ALDOLASE) 

CHg  CHOH  CHO  ♦  ~ ^ ^'rCHg  CHOH' CHoOH 

(ISOMERASE)  bPOaHe  ♦  oPOjHg 

DIHYDROXYACETONE  3-GLYCERALOEHYDE  <X  -  GLYCEROPHOS PH  A  TE 

PHOSPHATE  I 

iHjPO^  *  * 


Cri2-CO  •  CHzOH 
OPOsHe 


PHOSPHATE 


HgO  (PHOSPHATASE) 
fcH^CbH  CHOH  CHaOHj  +  H3PO4 

GLYCEROL 


(LACTIC  DEHYDROCENASE)  * 
[C Hy C H oJh“  C 0 0 1+ 


LACTIC  ACID 


♦  DPN 


OPOjHg 

CHa-CHOH  CHOH 
OPOjH^ 

I,  3 -DIPHOSPHOGLYCER  ALDEHYDE 

+  DPN  (TRIOSEPHOSPHATE  DEHYDROGENASE) 

9P03H2 

CH2CH0HC-0  ♦  H2-DPN 
0P03H2 

I,  3-DIPHOSPHOGLYCERIC  ACID 
1»l  tADP 

CH2CHOHCOOH  f  AT(<^ 

OPOjHg 

3-  PHOSPHOGLYCERIC  ACID 
I  I  (PHOSPHOGLYCEROMUTASE) 

CH20H-9HC00H 

OPOjHg 

2- PHOSPHOGLYCERIC  ACID 
)#[  i  HgO  (ENOLASE) 

CH2-9  COOH 
OPO3H2 

ENOL - PHOSPHOPYRUVIC  ACID 

I  +  ADP 

-CH3CO  COOH  t  ATP 

PYRUVIC  ACID 

1  +  dpt  (CARBOXYLASE) 

CH3CHO  + 

ACET  ALDEHYDE 

r-Li.  H2-DPN  (ALCHOL  DEHYDROGENASE) 

|CH3CHi,bH]  +  DPN 


ethyl  alcohol 


*  MG++  OR  MN**  IONS  REQUIRED 

ATP  .  adenosine  triphosphate 

ADP  “ADENOSINE  DIPHOSPHATE. 

HjPO^-  INORGANIC  PHOSPHATE 
DPN.DIPHOSPHOPYRIOINE  nucleotide  (COZYMASE) 
Hz-DPN.  REDUCED  DIPHOSP  HO  PYR I  Dl  NE  NUCLEOTIDE 
DPT“DIPH0SPH0THIAMINE  (COCARBOXYLASE). 


Imoure  1.  Emlnlen-Aleyerhof-Parnas  Sche 


me  for  Yeast  Dissiniilation 
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the  amount  tliat  is  iccjuircd  as  an  ade(juatc  source  ol  amylases  lor 
starch  conversion.  I'lie  other  grains  supply  starch.  Industiial- 
alcohol  producers  will  be  guided  s(jlely  by  unit  cost,  whereas  the 
beverage  distillers  vary  the  composition  to  prothice  distillates  ol 
varying  llavors  under  the  existing  government  regulations.  The 
composition  ol  the  mash  is  known  as  the  “grain  bill.”  Tvjncal 
grain  bills  apjiear  in  d  able  .5.  The  grain  bill  lor  any  single  ler- 


T.\bi.i:  5.  TYPITAL  GRAIN  RILLS;  THE  COMPOSITION  OF 
THE  CiRAlN  PORTION  OF  MASHES  BY 
WEIC.H  r  PERCEN  EAGE 


l  ype  of 

Pen 

eiildge 

of  Pottil  (inii)i 

by  M>; 

gill  (as  Receix'ed) 

iiia.sh 

(orn 

W  heal 

Milo 

Rye 

Barley  mall 

Rye  iiial 

Spirits" 

(.Ol  11 

1)0-92 

— 

_ 

— 

8-10 

— 

Wheal 

_ 

90-92 

— 

_ 

8-10 

— 

.Milo 

— 

- 

90-92 

- 

8-10 

- 

Whiskey 

Rve 

_ 

_ 

— 

88-92 

8-12 

— 

Rve 

— 

— 

88-92 

— 

8-12 

Itoiirhon 

00-75 

— 

_ 

1 3-30 

10-12 

- 

Rve  excess  31) 

— 

— 

51 

12 

- 

(.Ol  11 

81-90 

- 

- 

0-9 

10-12 

- 

"  Imliistrial  alcolr 

ol  Ol 

r  hever: 

age  spirils. 

mentor 

contains 

all 

grain 
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Grain  Handling  and  Milling 

Wdiole  grain  is  received  at  the  distillery  by  rail  or  truck.  It  is 
weighed,  unloaded,  cleaned,  and  conveyed  to  whole-grain  storage 
bins.  I  he  cleaning  operation  removes  dirt,  dust,  loreign  niattei, 

and  most  ol  the  cracked  grain. 

The  whole  grain  is  ground  in  mills  to  reduce  it  to  the  j)roper 
particle  si/.e.  d  hree  tyj)es  ol  mills  are  in  (omnion  use:  rollei, 
hammer,  anti  attrition  mills.  Each  iyj)c  has  certain  advantages 
and  certain  tlisatlvantages.  d'he  mills  are  adjusted  to  provide  the 
desired  particle  si/.e  lor  the  kintl  ol  grain  and  type  ol  inocess. 
.Screen  analy.ses  ol  the  ground  grain  are  made  with  United  States 
standard  screens.  Typical  sieve  analyses  are  ine.sented  in  Table  () 
lor  torn,  milo,  rye,  wheat,  granular  wheat  lloui  oi  Alcomeal  (a 
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Fable  6.  PREFERRED  SCREEN  ANALYSES  FOR  GRAIN 
(;R()UNI)  for  DLS  I  ILLERV  processing" 


>  Cooking  process 
Cooking  teinpeiatnrc 

Screen  analysis 
+  12 
+20 
+(i() 

_(i0 

( looking  process 
Cooking  temperature 

Screen  anahsis 

+  12 
+  20 
+  ()0 
—  tit) 

Cooking  |)rotess 
Cooking  temperature 

Screen  amilvsis 
+  12 
+  20 
+  00 
—tit) 

Cooking  process 
Cooking  temperature 
Mill 

Screen  analysis 
+  12 
+20 
+00 
—00 


Continnons 


CORX 

I’ressiire-batch 


Atmospheric-hatch 


Cooking  process 
Cooking  temperature 
Screen  tinalvsis 
+  12 
+20 
+  00 
—00 

hari.ey  MAi/r  or 
Screen  analysis 
+  12 
+20 
+60 
-60 


;’00®l  -90  sec 

308°  F 

2 1 2  ®  F 

% 

% 

% 

24 

24 

4 

52 

52 

.30 

20 

20 

.52 

4 

1 

8 

R  YE 

Continnons 

Continnons 

I’ressnie- 

Infusion 

280° !■ -3  min 

1  I5°F  20  min 

hatc  h 

hate  h 

% 

% 

280°  F 

I45°F 

% 

% 

1 

1 

4 

4 

.30 

.30 

30 

30 

50 

.50 

50 

.50 

10 

10 

10 

10 

MILO 

( '.ontinnons 

I’ressnie 

-hiitc  h  .\tmospheric-h;ii 

,350°F-90  sec 

280-308° F 

2 1 2  °  F 

% 

% 

% 

15 

15 

4 

41 

41 

52 

38 

.38 

38 

(i 

6 

(i 

WHEAT 

Continnons  1 

hc-.ss  lire- hatch 

Infnsion-hatch 

.3.50° -90  .sec 

280-308° F 

155 

°F 

.Attrition 

Roller 

% 

% 

% 

% 

4 

4 

0 

4 

52 

52 

29 

36 

31) 

36 

52 

50 

8 

8 

19 

10 

LAR  WHEAT 

ELOVR  OR 

ALCOMEAL 

Continnons 
28r)»F-!)0  sec 

% 

I 

26 

49 

24 

RYR  MALT  TOR 


"  All  grain 
Joseph  I 


ground  with  roller  mills 


Infiision-hatch 

145°K 

% 

1 

20 

49 

24 

LOXVTJiSIOX 

% 

4 

36 

50 

10 
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'  Seagram  &  Sons,  Inc.,  I.onisyille,  Ky. 
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commercial  name  apjOied  to  granular  wheat  Hour  alter  its  in¬ 
troduction  during  W^orld  \Var  II),  barley  malt,  and  rye  malt.  It 
will  l)e  observed  that  the  grind  may  vary  with  the  cooking 
procedure.  T  he  use  of  bigber  temperature  lor  cooking  lor  any 
given  grain  permits  the  use  ol  a  coarser  griml,  as  will  be  seen 
Iroin  the  data  on  corn,  milo,  anti  wheat.  Malt  is  never  sul)jectcd  to 
temperatures  bigber  than  US'F  in  order  to  minimi/e  amylase 
tlesti  uction  anti  thus  a  relatively  line  grintl  is  employetl  to  lacilitate 
the  extraction  ol  amylases.  Similarly,  small  grains  masbetl  by  the 
inlusit)!!  protess  are  usually  grt)untl  more  linely  than  when  the  same 
grains  are  pressure  cooked:  this  is  the  case  with  wheat,  but  nt)t  with 
rye.  Every  eflort  is  matle  tt)  avtnd  a  high  percentage  t)l  Hour  in 
the  grintl,  since  the  line  j^articles  may  burn  l)elt)re  the  larger 
particles  are  tbortnigbly  gelatini/ed,  thus  reducing  alct)bol  yield. 
X'ariations  in  milling  practices  will  be  lountl  tlepentlent  on  the  type 
ol  mill,  prt)blems  ol  rect)very  ol  grain  residues,  and  many  other 
lattt)rs. 

'Ebe  grt)untl  grain  is  tt)nveyed  to  bins  where  it  is  beltl  until 
cbargetl  to  prt)tess  tbrougb  stale  hoppers.  Grountl-grain  storage 
has  been  eliminated  in  some  jdants  employing  continuous  cooking 
systems  which  permit  a  continuous  How  Irom  whole-grain  storage 
to  the  lermentors. 

A  tietailed  tiisenssion  ol  the  problems  anti  metbt)ds  ol  grain 
bantlling  anti  milling  lt)r  tlistillery  use  is  given  l)y  AVbllkie  anti 
I’rot  baska.®^ 


(looking  ol‘  Grain  Mashes 

It  is  essential  that  the  starch  in  the  ground  grain  is  thoroughly 
gelatini/.ed  to  permit  enzymic  hydrolysis  with  the  barley-mall 
amylases  jjrior  it)  the  yeast  lermentation.  1  be  extent  ol  gelatini/.a- 
tion  is  gov'ernetl  by  the  time  and  temperature  relationship  anti 
particle  size,  anti  unilorm  distriijution  t)l  beat  is  essential.  I  be 
control  f)l  jjH  is  ol  minor  importance  and  while  there  are  some 
indications  that  a  pH  ol  5.1  to  5.H  is  prelcrable,  the  natural  pH 
values  ol  grain  mashes  (5.5  to  H.O)  are  satislactory.  As  in  most 
industrial  protessing,  the  final  proce.ss  represents  an  economic 
comjn-omise  with  as  cltise  an  aiiproacb  to  the  ideal  contbtions  as 
may  be  acbievetl. 

d'bere  are  lour  liasic  cooking  processes  in  commercial  use: 
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(1)  the  hatch-inlusion  process;  (2)  the  batch-atmospheric  proc 
at  2I2°F;  (3)  the  l)atch-pressure  ])rocess,  using  temperatures  up  to 
3()8°F;  and  (4)  continuous-pressure  cooking,  (iontinuous-infusion 
'j)rocesses  for  small  grains  are  in  development. 

Fhe  starches  of  small  grains  are  susceptible  to  gelatini/.atif)n  at 
low  tem])eratures;  for  instance,  wheat  and  granidar  wheat  Hour  may 
be  gelatinized  sufficiently  at  155°F  in  30  minutes  and  rye  at  145°k 
in  30  minutes  or  less.  Corn  starch  is  evidently  gelatinized  in  two 
steps,  apjnoximately  80  to  85%  at  160°  to  1()5°F  and  the  remainder 
only  as  the  temperature  is  increased,  with  the  final  2  to  5%  re¬ 
quiring  treatment  at  temjieratures  above  212°F  and  iqi  to  350°F, 
depending  on  the  reaction  time.  Since  corn  is  the  most  widely  used 
raw  material,  almost  all  distillers  employ  either  batch-pressure  or 
continuous-pressure  cooking  systems  to  attain  the  maximum  yield 
of  alcohol. 

Infusion  Process 

1  his  is  probably  the  oldest  method  still  in  use  and  is  only 
suitable  for  small  grains.  The  temperature  range  permits  cooking 
and  conversion  to  occur  simultaneously. 

I  he  eqiupment  consists  of  a  horizontal  or  vertical  mash  tub 
equipjx'd  with  a  mechanical  agitator  and  a  steam  sparger.  The 
cajiacity  may  be  as  much  as  1  (),()()()  gal.  At  a  temperature  of  100° 
to  I  I0°F,  22  to  28  gal  of  water  per  bushel  of  grain  is  drawn.  Ground 
grain  weighed  by  means  of  a  scale  hojjper  is  added  with  agitation 
and  at  a  rate  that  will  minimize  the  formation  of  “dough-balls.” 
I  he  temperature  is  raised  at  the  rate  of  1°F  jier  minute  to  155°F 
for  wheat  mash  or  granular  wheat-llour  mash,  held  45  minutes, 
cooled  to  M5°F,  malt  added,  held  5  to  30  minutes,  and  the  mash’ 
IS  then  cooled.  When  rye  is  mashed,  the  malt  is  added  first  and  the 
.naxmnun  temperature  is  145°F.  A  usual  variation  when  mashino 
rye  is  to  hold  for  15  minutes  at  I3()°F  to  facilitate  proteolytic  action 
and  then  raise  the  temperature  to  I45°F.  4  his  tends  to  alleviate 
loannng,  a  serious  problem  in  the  fermentation  of  rye  mashes. 

lere  are  minor  variations  of  these  conditions  in  different  plants 
An„,he,  operating  p„Ke<lure  tl.at  is  i„  <,„„„,crcial  use  lor  il,e 
l>auh-,nlus,«n  luashiug  ol  rye  grain  is  illusiralerl  in  Figure  •>  I, 
u  .  I  be  n.ned  that  ibe  comliiions  are  similar  to  those  rlescribed  here 
n.e^UHal  proeessntg  cue  lor  earl,  haul,  varies  ho,,,  115  n.  I,H5 

■n.e  principal  disadvantages  ol  the  ininsion  tnethod  a,e  ex- 
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WATcR 

17-20 
GAL  PER 
BU 


MALT  SLURRY  PREPARED  WITH  38-  40GAL  OF  COLD  WATER 
PER  BUSHEL. MASH  CONCENTRATION  42-44  GALS/BU  - 
SHEL  extraction  time  ABOUT  25-30MINUTES  EX  - 
^traction  TIME  VARIES  WITH  COOKING  SCHEDULE. 

RYE  MEAL  TO  DROP  TUB 


NOT  ABOVE  I20°F 


PUMPED  TOFERMENTOR, 
BEGINNING  10  MIN  AF  TER 
REACHING  62*F 


MASH  TO  FERMENTOR 
AT  84°F  OR  LOWER 


20-25  10 


5  5  5  15-20 


„  115  -  135  J 

PROCESSING  TIME  IN  MINUTES 

IF  RYE  MALT  IS  USED  IN  THE  RYE  MASH  BILL  IT  IS  OPTIONAL  TO  TAKE 
THE  RYE  MALT  THOUGH  THE  SLURRY  OR  DRY 

Fi(;rRE2.  liatrli-Infiisiou  Mashing  of  Rye  (Clourtesy— Hiram 
Walker  R:  Sons,  Inc.,  l^eoria.  III.) 


lensivc  ccjiiipineiu  rc(|uireineius  lor  a  given  plant  capacity  and  a 
barely  adetpiatc  reduction  in  the  total  number  ol  bacterial  con¬ 
taminants  in  the  mash.  .Although  good  alcohol  yieltls  are  obtained 
Irom  rye,  malt,  and  wheat  mashes  prepared  by  this  process,  the 
Iretpiency  ol  h^w  yields  taused  by  bacterial  t ontamination  is  much 
higher  than  is  exj)eriencetl  with  mashes  cooked  under  |)ressure. 

1>A rcH-.V  imosi’ukric  Process 

This  ])rocess  is  used  almost  extiusively  lor  (orn  or  milo.  Rye 
and  wheat  mashes,  (ooked  at  atmospherit  piessure  at  2I2°k,  loam 
badly  and  the  alcohol  yields  ate  much  lower  than  those  obtained 
with  eithei  the  inlusion  ot  ])ressui e-cooking  jnocesses.  1  he  ctpiij)- 
ment  is  essentially  the  same  as  is  used  lor  the  inlusion  method,  in 
Tac  t,  they  at  e  used  inteix  hangeably  in  many  ])lants.  d’he  cooking 
(onditions  ate  similai  to  those  shown  in  Table  /  lor  batch  ptessuie 
cooking  except  that  the  maximum  tem])erature  range  is  208'  to 
2I2‘’F  and  the  time  is  ht)  minutes  at  these  temjK'ratures.  I’hc 
cc)oking  or  gelatini/ation  is  incomplete  as  evidenced  by  alcohol 
\ields  1  to  5%  lower  than  those  obtained  Irom  the  same  grains 
when  jjressure  cooked.  I  he  ])rocess  is  obsolc'te  although  still  in 
use  in  some  c)l  the  smaller  |)lants. 

IJAicai  PREsstiRE  Process 

I  he  conventional  batch  jjressure-cooking  system,  still  widely 
used  in  the  distilling  industry,  consists  ol  a  numbet  ol  hoti/ontal 
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I  ahle  7.  CONDITIONS  OF  liA  FCH  FRFSSURF 
COOKING  AND  CONVERSION 


- - 

of  litain 

Corn 

]{ye 

W  heal 

I'empciatmes,  °I' 

Initial 

VZo 

100 

122 

Maximum 

‘{Oo 

205 

305 

Final 

152 

152 

152 

rime,  minutes 

10-15 

.\t  maximum  temj)eialuie 

0-10 

.5-15 

Total  cycle,  lionrs 

3 

4 

3 

Masli  concentration,  gallons 

of  water  per  bushel 

22.0 

28.0 

21.0 

pH 

5.6 

5.6 

MALT 

-SLl'RR }  PREP  A  RA  TI()\ 

Temperature,  °T 

Mash  concentration,  gallons 

20-100 

00-100 

00-100 

of  water  per  bushel 

35-10 

3,5-40 

35-40 

Time,  minutes 

5 

5 

T) 

(hiantity  of  malt,  % 

8-10 

10-12 

8-10 

COXJ'ERS/ON 

Temperature,  °T 

145 

145 

1 4.5 

Time,  minutes 

Mash  concentration,  gallons 

30 

30  (iO 

5 

of  water  per  bushel 

30-32 

36-38 

30 

\()  I  I‘.;  No  information  is  available  on  batch  pressure  cooking  of  inilo,  but 


conditions  for  wltcat  slionicl  apply  to  milo. 

Data,  courtesy  of  Joseph  K.  Seagram  N-  Sons,  Inc.,  I.oiiisville,  Kv. 


pressure  ve.ssels  uj)  to  10,000  gal  in  capacity,  or  larger,  tlesignetl  to 
ojierate  at  100  psi  gage  pressure,  lliese  ccjokers  have  a  horizontal 
agitatoi  oi  the  rake  type  anti  steam  jets  along  the  bottom.  The 
number  and  size  ol  the  cookers  vary  with  the  jdant  cajjacity. 
kigine  1  ilhistiates  grain  handling,  hatch  pressure  cooking  and  hatc  h 
conveision.  1  he  cooking  cycle  and  conditions  for  corn,  rye,  and 
^\heat  are  shcwvn  in  Table  7.  The  necessary  amount  of  water  is 
atlcRcl  in  the  cooker,  grain  charged,  the  temperature  raised  to  the 
maximum  and  held  tor  the  recpiired  time.  T  he  ine-ssiire  is  then 
hlc^wn  down  to  atmospheric  and  vaennm  is  aiiplied  to  cool  the  mash 
to  150  F  by  evaporation.  I  he  addition  of  the  malt  slurry  at  10{)°F' 
causes  the  temjjeratnre  ol  the  mixture  to  clro|j  to  1  15°F.  T  his  is 
then  pumped  to  the  converter  for  batch  conversion 

Figures  5  a.Ki  (;  illustrate  the  hald,  pressure  cukiue  „r  o,,,. 
t"Kl  m,l„  U, ashes  tu.tl  ul  wheat  utash  respectively  uu.ler  ioiuetvhat 
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Figure  3.  Horizontal  Batch  Pressure  Cookers  ((x)urtesy— Hiram 
W^alker  &  Sons,  Inc.,  Peoria,  111.) 

different  conditions  than  those  given  in  1  al)le  7.  I  he  cooking  cycle 
is  shown  graj>hically  and  the  conditions  are  given  in  detail.  1  he 
inlonnation  of  Fable  7  and  kignres  4  and  5  has  been  pio\ided  by 
two  different  members  of  the  industry  and  is  illustrative  of  the 
v'ariations  in  operating  jjrocedures  that  are  found  in  the  industiy. 
I  hese  variations  are  a  reflection  of  ecjuipment  diflerences  <nid  loc.d 
plant  conditions,  which  make  it  desirable  lor  each  jdant  to  develop 
optimal  conditions  that  will  be  comjjatible  with  theii  own  ecpnp- 
ment  and  over-all  oiieration.  Each  of  the  previously  described 
procedures  for  each  kind  of  grain  will  result  in  comparable  alcohol 
yields  in  the  plant  for  which  the  procedure  has  been  developed. 

Fhe  jmincipal  advantage  of  this  jnessure-cooking  system  over 
those  described  previously  is  a  4  to  5%  higher  alcohol  yield  fiom 
corn  and  milo  and  a  higher  average  alcohol  yield  for  wheat  and  rye. 
clue  to  the  elimination  of  bacterial  contamination  in  the  cooked 
masli.  Fhe  average  yield  increase  with  wheat  and  rye  may  be  as 


Alcoholic  Fermentation  of  drain 


.^5 


V 


CLEiNES 


MEAL  BINS 
CORN  Rre  malt 


whOl£  grain  S'NS 

Cf-RN  Rye  malt 


elevator 


■N. 


mills 


GRAIN  [ 
CAR  I 


a.  I 


CONVEYORS 


^ 


»4CUl'‘'^ 

'1 

,  ,  .  SCALES 

M  ' 

1 

V  V  , 

DROP  TiUBS 

I  I  I 


BAROMETRIC 

CONDENSER 


PRESSURE 

COOKERS 


YEAST  TUBS 


FERMENTORS 


[n 


MASH 

COOLER 


0= 


J 


Figure  4.  Distillery  Batch-Cooking  System  (Courtesy— Joseph  E. 

Seagram  R:  Sons,  Inc.,  l.ouisville,  Kv.) 

great  as  0.4  j)rool  gallons  jjer  bushel,  or  approximately  8  to  9%. 
The  disadvantages  are  high  over-all  steam  eonsnmjjtion,  uneven 
and  heavy  peak  loads  on  the  power  house,  manual  control  and  the 
attendant  added  labor  cost,  and  a  relatively  high  capital  inv'estinent 
in  ecpiipment  and  building  space.  Many  ot  these  disadvantages 
also  apply  to  the  batch  atmospheric  and  intusion  processes. 

Henze  Cooker.  I  he  Henze  cooker  is  a  modified  batch  pressure 
cooker  designed  to  cook  jx)tatoes.  It  has  been  described  by  Foth.-’ 
I  he  cookei  is  vertical  with  a  steep  conical  bottom  and  large  bottom 
outlet  valve.  Fhe  statchy  substrate  is  cooked  in  the  Henze  cooker 
under  pressure  and,  at  the  end  ol  the  cooking  cycle,  is  blown  under 
jnessuie  to  a  drojj  tub  maintained  at  atmosjdieric  or  reduced  pres¬ 
sure.  1  he  blow  down  results  in  violent  boiling  and  thorough 
dismtegraticn  ol  the  starch  granules  ol  the  substrate.  Some  disiil- 
leries  have  used  the  Henze  cooker  to  cook  whole  grain,  thus 
eliminating  the  milling  operation,  but  it  has  not  been  widelv 
accepted  in  distilleries  on  the  North  American  continent.  Recent 
‘”'^^nnation  nidicates  that  this  cooker  is  not  too  successrul  with 
,^rain,  stnce  its  disintegration  may  become  so  complete  as  to  interlere 
with  gram  by-prodmts  recovery.  However,  at  least  one  plant  in 
lie  United  States  regularly  cooks  whole  grain,  using  conventional 
loi.zontal  cookers,  blowing  the  cooked  grain  from  the  cookm- 
imclei  pressure  to  a  second  cooker  held  under  reduced  presstire  to 
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secure  disrujjtion  ol  tlie  grain  kernels,  and  cooling  to  conversion 
leinperatnre. 


MILO  PROCEDURE  IDENTICAL  WITH  CORN  EXCEPT  MAY  INCREASE 
COOKING  CONCENTRATION  To  16-18  GALLONS  OF  WATER  PER  BU¬ 
SHEL  TO  REDUCE  BLOW  DOWN  ENTRAINMENT 


Figures.  Batch  Pressure  Cooking  of  Corn  and  Milo  Mashes 
(Courtesy— Hiram  Walker  R:  Sons,  Inc.,  Peoria,  111.) 


Figure  6.  Batch  Pressure  Cooking  of  Wheat  Mash  (Courtesy— 
Hiram  Walker  R:  Sons,  Inc.,  Peoria,  Ill.) 

(ioNTiNUOti.s  Pressure  Crooking 

Fhe  continnons,  raj^id  jnotess  lor  grain  cooking  is  one  ol  the 
outstanding  recent  develojmients  in  the  distilling  intlnstry.  In  lact, 
this  is  one  ol  the  major  engineering  developments  in  the  lermenta- 
tion  industry  within  the  last  decade.  A  recent  paper  by  Pleiler 
and  VSijnovich'’'"  describes  in  some  detail  the  continnons  steam 
sterili/ation  ol  media  lor  biochemical  processes.  I  his  is  the 
simjilest,  most  economical,  and  most  eHicient  method  lor  comjdetely 
removing  contaminating  microorganisms  Irom  lermentation  media. 
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IM'eifer  and  Vojnovich  ck*scni)e  the  j^ilot-j^Iant  e(|uijjinent  used  lor 
continuous  sterilization  at  the  Northern  Regional  Research 
Laboratory  and  its  aj)j)lication  in  the  continuous  sterilization  ol 


Figure  7.  Precooker  and  U-Tuhe  Portions  of  the  Continuous  Cook- 

ing  System  (Courtesy-Joseph  E.  Seagram  K:  Sons,  Inc., 
Louisville,  Ky.) 


Figure  8 


k  s„„.,  i,„„  1^'  ; . . 
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various  coininerc  ial  media  ior  a  number  oi  clitterent  rermentalions. 
Tliey  discuss  the  design  ol  continuous  sterilizers  and  give  some 
general  data  obtained  irom  commercial  installations,  including 
those  lor  grain  mashes,  d'here  is  no  doubt  that  continuous  steriliza¬ 
tion  etjuipment  will  be  installed  in  many  new  plants  lor  the 
production  ol  vitamins,  antibiotics,  enzyme  concentrates,  and  in¬ 
dustrial  organic  chemicals. 

In  the  continuotis  piessuie  cooking  ol  grain  mashes  lor  the 
alcoholic  iermentation,  all  milling,  cooking,  and  conversion  opera¬ 
tions  are  integrated  in  the  process,  as  described  by  linger,  Willkie, 
and  Hlankmeyer.'*’' 

.\  How  sheet  oi  this  system,  including  the  last  conversion 
process  and  vactuun  mash  cooling  which  are  described  later,  is 
presented  in  Figure  9. 


Figurk  9.  Distillery  Continuous  Cooking  Systetn  (Courtesy 
Joseph  E.  Seagram  &  Sons,  Inc.,  Loui.sville,  Ky.) 

Wdiole  grain  is  continuously  weighed  into  the  mills,  discharged, 
and  conveyed  to  a  slurry  tank  or  precooker  to  which  water  and 
stillage,  the  dealcoholized,  ierniented  beer  discharged  Irom  the  base 
of  the  beer  still,  are  contimiously  metered  through  a  steam-jet 
heater,  d'he  j^recooker  is  ecpiipped  with  an  agitator  and/or  a 
recirculating  pumi).  An  automatic  tem[)erature  controller  main¬ 
tains  the  temperature  at  the  desired  jjoint  by  controlling  the  steam 
How  to  the  ejector  on  the  water-stillage  line.  1  he  retention  time  in 
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ihe  precookcr  is  1  to  5  minutes.  From  here,  the  mash  is  continuously 
pumped  to  a  steam-jet  heater  where  it  is  instantaneously  heated 
to  the  cooking  temperature  and  then  passed  through  a  pipe  line 
\\ith  several  U-hends  in  series  and  ol  sulficient  capacity  to  piovide 
the  desired  retention  time  at  any  given  flow  rate.  The  cooked 
mash  is  discharged  through  a  relief  valve  to  a  flash  chamber.  The 
flash  steam  may  be  recovered  lor  jnocess  use.  Mash  from  this 
chamber,  usually  operated  at  10  to  15  psi  gage  pressure,  passes  to  a 
vacuum  flash  chamber  where  it  is  cooled  to  a  conversion  temperature 
of  14 5 “F. 

1  he  continuous  pressure-cooking  process  offers  several  advan¬ 
tages:  uniform  cooking,  automatic  contrcjl,  uniform  load  on  the 
power  house,  lower  net  steam  consumption,  and  a  substantial  reduc¬ 
tion  in  capital  investment  in  ecjuipment  and  buildings.  Alcohol 
yields  obtained  from  mashes  cooked  by  means  of  this  jiiocess  are 
ecjuivalent  to  the  best  yields  from  batch  pressure  cooking. 

The  operating  conditions  developed  in  commercial  practice  for 
this  process  are  presented  in  Table  8  for  corn,  wheat,  rye,  and  milo. 
(Continuous  pressure-cooking  systems  have  been  installed  in  an 
increasing  number  of  distilleries  in  the  last  10  years. 


Table  8.  CONTINUOUS-COOKING  AND  FAST-CONVERSION 
OPERA!  ING  CONDITIONS 


PRECOOKI\G 


rcm]3eraturc 
Mash  concent  ration 
pH  (adjusted  witli  stil 
rime 


age) 


COOKING 


140-155°F 
20  gal  per  l)u 
5. 1-5.4 
1-5  minutes 


'ry])e  of  grain 
lemperature,  °F 
l  ime,  minutes 
Mash  concentration 


I  cmperature 
Mash  concentration 
Lime 

Quantity  of  malt 


Corn  Rye  ^Vheat 

300  280  350 

1  -5  3.0  1 .5 

Apjn-oximately  25  gal  water 
per  hu 

MA  LT-SIAJRR  Y  PREPA  RA  TION 

I45°F 

40  gal  water  per  hu 
1.0  minute 


^^ilo 

350 


I  em|jerature 
lime 

Mash  concentration 


8-10%  c)f  total  grain 
CONVERSION 


145°F 

2.0  minutes 

- - - 25-30  gal  per  hu 

Data  courtesy  of  Joseph  ET^ram  & 
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Conversion  of  Grain  Slareh  to  FermentaMe  Carl>ohytlrate8 

The  gelatinized  or  cooked  grain  mash  is  c(jnverted  to  lerment- 
able  cat bc:)hydrates  in  all  or  almost  all  distilleries  on  the  North 
vVmerican  continent  by  the  use  ol  malted  grains,  most  commonly 
distillers  barley  malt,  usually  sj)ecifiecl  with  a  Limner  value  ol  not 
less  than  1  /()  or  a  Lasche  value  ol  less  than  7  to  8  minutes.’' 
Distillers  malt  has  a  higher  cliastatic:  value  than  brewers’  barley 
malt. 

The  use  ol  malt  with  the  inlusion  cooking  process  has  been 
described.  The  conversion  ol  atmospheric-  or  jnessure-cooked 
mashes  is  accomplished  in  a  separate  stejj  by  either  the  batch  or  the 
fast  continuous  conversion  j>rocess.  Ihe  jjrocess  conditions  are 
summarized  in  T  ables  7  and  8,  resjiectively. 

liATCH  Conversion  1*roc:ess 

The  batch  process  (Figure  1)  has  been  used  lor  many  years 
with  the  batch  cooking  jirocess.  TTie  finely  ground  barley  malt 
is  slurried  in  water  at  90°  to  I00°F  and  at  a  concentration  of  35  to 
40  gal  of  water  per  bu  for  5  minutes.  It  is  then  added  to  the 
cooked  mash.  T  he  resultant  mixture  at  145°F  is  agitated  in  a  mash 
tank  or  converter  for  .30  to  45  minutes  and  then  pumped  to  the 
coolers.  During  this  oj^eration,  the  starch  is  licpiefied  rajiidly  and 
approximately  75  to  80%  is  converted  to  maltose  and  the  remainder 
to  residual  dextrins. 

Continuous  Fast  Conversion  Frocjess 

A  recent  improvement  in  the  conversion  operation  is  the  last, 
continuous  process  (Figure  6)  described  by  Gallagher,  bilford. 
Stark,  and  Kolachov""  and  by  lilankmeyer  and  Stark.”  WTiole  malt 
is  continuously  weighed  into  the  mills  and  the  ground  malt  con¬ 
veyed  to  a  slurry  tank.  Whiter,  at  145°F,  is  metercxl  into  the  slurry 
tank  which  provides  a  retention  time  ol  1  to  5  minutes.  1  he  in¬ 
fusion,  at  a  concentration  of  40  gal  water  jier  bushel,  is  con¬ 
tinuously  pumped  into  the  stream  ol  cooked  mash  at  145°k.  Ihe 
resultant  mixture  is  jmmpecl  through  a  pipe  line  lor  2  minutes  at 
145°F  to  provide  conversion  or  with  <a  vacuum  mash  cooler,  the 
malt  slurry  is  introduced  between  stages,  since  sullicient  retention 
time  is  obtained  in  the  succeeding  stages  ol  the  cooler.  I  his  short 
time  interval  has  been  loimcl  aclecjuate  to  hydrolyze  the  starch  to 
about  70%  maltose  and  30%  dextrins,  with  good  licjuelaction. 
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The  mash  tlien  passes  to  tlie  lermentors  tlirougli  pipe  coolers,  or  is 
cooled  witli  a  vacuum  cooler.  I'his  conversion  process  requires 
mucli  less  equipment  and  building  sjKice  and,  apparently  due  to 
tliC'  preservation  ol  enzymes  lor  subsequent  conversion  of  residual 
dextrins  to  sugar  during  fermentation,  has  been  shown  to  result  in 
about  2%  increased  yields  of  alcohol  as  comjjared  with  the  batch 
conversion  jjrocesses. 

Amvlo  Process 

This  process  should  be  mentioned  since  it  has  been  extensively 
used  in  Eurojjean  distilleries  and  is  in  use  in  at  least  one  plant  in 
Argentina.  The  conversion  of  starch  is  accomjjlished  by  the  growth 
of  a  mold  strain,  Rhizopus  deleinar,  in  the  main  fernientor  mash 
prior  to  inoculation  with  yeast. T  he  grain  mash  is  cooked  with 
steam  under  jnessure,  some  acid  being  added  before  cooking  to 
make  the  mash  less  viscous.  The  sterile  mash  is  then  cooled  to  about 
4()°C  (1()4°F),  seeded  with  a  culture  ol  the  saccharifying  mold,  and 
vigorously  aerated  for  about  24  hours  while  the  mold  is  developing. 
The  mash  is  then  cooled  to  .H2“C  (DOT’)  and  seeded  with  a  suitable 
yeast  culture.  High  yields  ol  alcohol  are  obtained  with  this  process. 
However,  equipment  retjuirements  and  the  added  process  time  are 
lactors  that  have  been  responsible  for  nonacceptance  in  North 
America. 

Premaeting 


It  IS  common  jjiactice  with  both  the  batch  atmospheric  and  the 


Mash  Cooliiitr 


mash-cooler  design  h;i 


42 


/ nduslrial  fermentations 

licqueiuly  overlooked  hearing  on  alcohol  yield.  IniprojK'ily  de¬ 
signed  or  operated  coolers  may  become  jnime  sources  ol  bacterial 
contamination.  W'ater  economy  and  the  maximum  temperature  ol 
cooling  water  are  important  engineering  lactors  in  the  selection  ol 
mash  coolers  lor  a  given  plant,  but  operating  sanitation  and  ease 
of  elfective  cleaning  and  sterilization  must  be  given  jnime  con¬ 
sideration. 

Surface  exchangers  of  many  varieties  have  been  used.  I'liese 
include  double-pipe,  multitube,  spiral,  and  plate  types.  The  double¬ 
pipe  exchanger  has  a  distinct  biological  advantage  in  that  mash 
flow  is  in  series  and  j^ositive  whereas  both  the  plate  and  the  multi¬ 
tube  units  emjdoy  parallel  How  which  j^ermits  grain  solids  to  lodge 
and  result  in  pockets  conducive  to  the  development  ol  bacterial 
contaminants.  Some  lodging  has  also  l)een  encountered  with  the 
spiral-type  exchanger.  I'hus,  these  types  retpiire  more  fre(juent 
cleaning  and  partial  disassembly  for  good  results. 

Evaporating  or  vacuum  mash  cooling  has  been  successfully 
emj)loyed  where  sufficient  low-temperature  water  is  not  available. 

T  hese  units  operate  with  a  high  degree  of  freedom  from  bacterial 
contamination  due  to  serial  How  at  high  velocity,  freedom  from 
pockets,  and  the  fact  that  any  mash  adhering  to  the  walls  of  the 
vessels  is  almost  instantly  dehydrated  to  a  high-sugar-content  sirup. 
Tdiese  units  are  the  latest  tyjx'  of  distillery  mash  cooler  introduced 
in  the  industry. 


SliilaKc*  «»’  Backset  Systems 

Stillage  is  addetl  to  the  cooked  and  converted  grain  mash  j)rioi 
to  fermentation  lor  several  reasons.  I  he  stillage  lowers  the  pl4  to 
a  more  favorable  value,  adds  bidfering  capacity  to  the  mash  during 
fermentation,  and  lurnishes  readily  available  nutiients  lor  the 
yeast.  Ihe  amount  emj>loyed  varies  from  20  to  25%  ol  the  final 
mash  volume.  VVdu)le  stillage  from  the  base  ol  the  beer  stills  is 
screened  to  remove  the  (oaise  grain  solids  and  the  thin  stillage  is 
returned  to  the  (ookers  or  leiuientors.  II  screens  are  not  availal)le, 
then  whole  stillage  may  be  used.  I  his  prac  tice  is  known  as  the 
use  of  “backset.”  Stillage  is  discharged  from  the  l)ase  ol  the  con¬ 
ventional  atmospheric  beer  stills  at  220°  to  225°F  and  may  be 
stored  hot  (over  I80°1‘')  until  usc“d,  although  this  is  not  a  letom- 
mended  practice.  A  few  plants  use  vac  uum  beer  stills  which  c)j)eratc‘ 
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w’itli  a  l)asc  tcinperatuic  as  low  as  1()0“P.  1  hesc 

recjuirc  sei>arate  sysicnis  lor  stillai>c  stcrili/ation  or 
1)1  the  stillage  as  part  ol  the  water  (hiring  cooking. 


plants  eitlier 
may  add  all 
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The  iermentation  ]jhase  ol  the  jn-ocess  inclndes  the  prejKiration 
ol  the  yeast  cnltnre  through  the  laboratory  and  jjlant  stages,  tlie 
preparation  ol  the  mash  lor  yeast  growth,  and  Imally  the  main 
Iermentation.  d  his  part  ol  the  plant  system  is  shown  in  the  How 
sheet  of  Figure  10. 


FuaiRE  10.  h'ermentaliou  and  Yeastifig  Sysleins  (Courtesy— Joseph 
F.  Seagram  K:  Sons,  Inc.,  Louisville,  Ky.) 


^'EAsr  Preparation 

Prejjaration  ol  the  yeast  lot  inoculation  of  the  fermentors 
involves  both  laboratory  and  plant  procedures. 

Lal)oratory  Procedure.  pure  culture  of  a  commercially 
tested  yeast  strain  is  maintained  on  a  suitable  medinm,  usually  a 
malt  extract  or  glucose-yeast  extract  agar.  New  stock  cultures  on 
agai  slants  ate  prepared  every  30  to  00  days.  .\n  adetpiate  volume 
of  actively  growing  yeast  cidture  for  the  hrst  plant  stage  is  prepared 
by  seiial  tianslei  in  licpiid  medium,  the  volume  usually  necessitating 
three  laboratory  translers.  It  is  ( iistomary  to  use  2  to  5%  by  volume 
inoculum  and  to  imTd)ate  the  lirst  two  transfers  at  30°C;  for  21 
hours.  Fhe  final  laboratory  culture  is  used  after  18  hotirs  of 
mcid)ati(m  when  the  culture  is  at  peak  activity.  It  has  been  found 
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good  practice  to  inaintaiii  daily  serial  traiislers  ol  the  culture  in 
litpiid  medium  as  a  secondary  stock  Irom  cvluch  each  culture  lor 
plant  use  is  started.  Some  laboratories  preler  to  carry  the  secondary 
stock  through  daily  translers  lor  1  week  he  lore  use  as  starter  for 
plant  cidtnres.  4'here  is  some  evidence  that  the  fermenting  activity 
of  the  yeast  cidture  is  enhanced  by  this  means. 

The  selection  of  a  medinm  for  these  laboratory  licpiid  cultures 
varies  from  plant  to  plant.  A  good  medium  is  15°  Hailing  malt 
mash  made  by  the  infusion  process.  The  Hailing  hydrometer  scale 
expresses  essentially  the  percentage  of  dissolved  solids  in  the  mash, 
1°  Balling  representing  1%  solids.  Commercial  malt  extract  or  plant 


Figure  11.  Profmgation  of  Pure  Culture  Plant  Yeast  (Courtesy 
Hiram  W^alker  &  Sons,  Inc.,  Peoria,  Ill.) 
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yeast  inasli  that  has  been  strained  may  l>e  used  and  the  second  is 
generally  employed  lor  the  final  laboratory  stage. 

Plant  Yeast  Procedure.  The  number  of  plant  stages  required 
loit'  prejiaring  sufficient  yeast  to  inocidate  a  jilant  lermentor  depends 
on  the  lermentor  capacity.  Two  stages  are  the  most  common. 

I'he  medium  emjiloyed  is  mash  prepared  at  a  higher  con¬ 
centration  than  the  lermentor  mash.  Clonnnon  jiractice  is  to  use  16 
gal  water  per  bushel  ol  grain  and  the  yeast  mash  is  relatively  rich 
in  nutrients  as  compared  with  a  corn-spirits  mash.  At  one  time, 
either  100%  barley  malt  mashes  or  50%  rye  to  50%  barley  malt 
mashes  were  used.  It  has  been  lound  that  a  70%  corn  to  30% 
barley  malt  mash  provides  sufficient  nutrients,  l.ower  levels  of  malt 
may  be  inadvisable  depending  on  other  conditions. 

1  he  small-grains  yeast  mash  is  generally  prej^ared  by  the  in¬ 
fusion  jjrocess,  whereas  plants  equipped  with  continuous  mashing 
systems  increase  the  How  rate  and  concentration  (^1  the  malt  slurry 
while  mash  is  being  pumped  to  the  yeast  room.  The  mash  is 
pumjied  to  the  yeast  tubs  at  130°  to  i45°F.  I’he  pH  ol  the  yeast 
mash  is  adjusted  to  3.6  to  4.0,  customarily  3.8,  either  by  the  addition 
of  sulluric  acid  or  by  the  cultivation  ol  lactic  acid  bacteria.  The 
first  IS  called  “sweet  mash’’  and  the  second  “sour  mash.’’  Lactic 


\\ith  a  lactic  culture  from  an  actively  souring  mash  or  from  the 
laboiatoiy  and  maintaining  the  temperature  at  128°  to  130°F 
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temperature  ol  80°  to  85°F  until  the  Hailing  reading  has  dropped  to 
approximately  50%  ol  the  original.  I'he  dona  is  then  used  to 
inoculate  the  main  yeast  mash  and  this  culture  is  handled  in  the 
same  manner.  Each  ol  these  stages  requires  12  to  18  hours,  tlejjend- 
ing  on  the  temperature,  agitation,  and  inoculation  ratio.  The  last 
is  usually  2%  by  volume.  Many  plants  start  a  new  dona  Irom  a 
laboratory  culture  only  once  a  week  (^r  once  a  month  and  rely  on 
“backstocking,”  inocnlation  ol  a  new  mash  with  a  previcjusly 
finished  yeast  mash. 

Wdien  a  fermentor  is  not  ready  to  receive  finished  yeast  mash, 
the  activity  ol  the  yeast  may  be  retartled  greatly  by  cooling  at  (i()° 
to  65°F.  I'his  makes  it  possible  to  divide  a  single  finished  yeast 
mash  between  two  or  three  lermentors,  jnovided  the  yeast  is  not 
more  than  24  to  2()  hours  old  and  the  Hailing  is  10  to  fi0%  ol  the 
original.  The  ability  ol  a  healthy  yeast  culture  to  withstand  rapid 
temperature  changes  and  to  regain  activity  quickly  on  transler  to 
new  mash  is  another  physiological  characteristic  that  is  lully  ex¬ 
ploited  in  commercial  jjractice. 

I'he  ecpiipment  used  in  the  yeast  departments  ol  distilleries 
may  be  open  wooden  tanks  in  the  older  and  smaller  plants  and 
open  steel  tanks  or  closed  steel  jnessure  vessels  in  the  more  modern 
plants.  The  relative  Irecdom  Irom  bacterial  contaminants  in  the 
finished  yeast  cidture  in  most  j^lants  is  due  less  to  ecjuipment  and 
asejMic  operation  ol  the  type  jnacticed  in  other  jdants,  such  as  butyl 
alcohol  and  antibiotic  units,  than  it  is  to  capitali/ing  on  the 
physiological  dilterences  between  yeast  and  distillery-tyj)e  con¬ 
taminants.  For  example,  the  low  pH  increases  the  ellectiveness  ol 
pasteurization  and  inhibits  the  growth  ol  contaminants,  |xirticularly 
atid  lormers.  I'he  high  initial  sugar  concentration,  22°  to  24° 
lialling  (actually  about  15%  sugar  plus  dextrins),  raises  the  osmotic 
jii'cssure  to  levels  inhibitory  lor  most  bacteria  and  when  this  is 
reduced  by  yeast  growth,  the  alcohol  content  ol  the  finished  yeast, 
approximately  7%  by*  volume,  aids  in  the  inhibition  ol  con¬ 
taminants.  4hus,  the  finished  yeast  mash  is  singularly  Iree  ol 
bacterial  contaminants.  4'his,  however,  should  not  be  construed  to 
mean  that  sanitary  i)lant  inactices  are  unnecessary. 

Recently  a  new  ])rocess  lor  the  manulacture  ol  ])uie-tultuie 
distillers’  yeast'"  has  been  applied  industrially.  4'his  process  has 
been  described  as  semiaerobic  and  one  which  inoduces  yeast  with 
good  storage  and  lermentation  characteristics.  The  medium  lor 
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P'i(;lire  12.  Equipment  for  Semiaerobic  Yeast  Production  (Courtesy 
—  joseph  E.  Seagram  &  Sons,  Inc.,  Louisville,  Ky.) 


yeast  propagation  consists  ot  a  70%  corn— 30%  barley  malt  mash, 
containing  20%  stillage  by  volume,  lire  concentration  ot  the  mash 
is  10°  Balling  and  0.0053  lb  nrea  per  gallon  is  added  as  nitrogen 
supplement.  The  mash  is  sterilized  under  steam  pressure,  cooled, 
and  inocnlated  with  a  pure  cnltnre  of  yeast.  Sterile  air  is  introduced 
at  the  rate  ol  1/8  volume  air  j^er  volnnte  ol  mash  per  minute  and 
is  disjjersed  by  means  ol  tnrbine-type  agitators.  It  is  reported  that 
a  yeast  concentration  ot  400  to  500  million  cells  per  milliliter  is 
obtained  after  16  hours  of  growth  at  86°F.  Presumably  the  high 
concentration  of  yeast,  approximately  three  to  four  times  the  level 
which  is  obtained  with  conventional  anaerobic  yeast  propagation, 
reduces  jnoportionately  the  volume  of  finished  yeast  which  is  re¬ 
quired  for  inocnlation  of  the  main  fermentation. 

Main  Fermentation 


This  represents  the  tulniinalion  <,l  all  processing  steps  tip  to 
tins  point  and  is  relatively  simple  in  itscll.  As  will  lie  disenssed 
later,  most  ol  the  laetois  that  govern  the  ettirieney  of  the  fermenta¬ 
tion  and  the  restiltant  yield  of  alcohol  ocenr  in  processing  prior  to 
the  final  stage.  Alter  a  lerinentor  is  “set”  (filled,  inoctilatcd,  mash 
toncentiation,  and  pH  adjnsletl),  with  the  exception  of  temperatnre 
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"I'lic  ycasl  inoculum  is  added  to  the  lenueutcjr  as  soon  as  10% 
or  more  ol  the  mash  volume  has  been  pumped.  I'he  final  eouceutra- 
tiou  ol  the  mash  is  adjusted  to  the  desired  level,  usually  30  gal  mash 
j)er  bushel  ol  grain,  ecpuvaleut  to  apj^roximately  1.^  g  total  sugar  as 
glucose  per  100  ud  mash,  rids  will  vary  lor  cliftereut  mash  hills  and 
plants  and,  in  the*  case  ol  rye  mashes,  the  com eutiatiou  may  he  as 
low  as  15  gal  mash  per  bushel.  I’his  adjustment  may  he  accom¬ 
plished  by  dilution  tvith  stillage  and/or  water.  In  some  ol  the  latest 
continuous  masliing  and  conversion  systems,  all  ol  the  desired 
stillage  and  water  are  added  to  the  precookei  and  j)rocess  contiol  is 
sue  h  that  the  mash  enters  the  iermc‘ntor  at  the  desired  com enti  ation, 
thus  eliminating  linal  adjustment  in  the  lermentor. 


FictURK  15.  h'erinentor  Room  (donrtesy— Joseph  L.  Seagram  R:  Sons, 
Inc.,  l.oidsville,  Ky.) 

rhe  initial  pH  ol  the  lermentation  is  most  imi)ortant,  as  wdl 
he  disc  tissecl  later.  I’his  is  ad  justed  to  1.8  to  5.0,  with  stillage  ecpial 
to  20  to  25%  ol  the  lermentor  volume  or  with  sullurie  acid.  Mashes 
with  a  high  hidler  ca|)acity  may  reepdre  sullurie  acid  in  addition 

to  stillage. 

I  he  initial  or  setting  temjjeratnre  depends  on  whether  or  not 
the  lermentor  is  ecpdpped  with  cooling  devices,  sneh  as  cods, 
external  heat  exchanges,  or  spray  rings.  In  any  ease,  the  initial 
temperature  is  such  that  the  maximum  temperature  during  ler¬ 
mentation  will  not  exceed  OOMd  11  no  lermentor  cooling  is  available. 
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the  teiiipcraliire  may  vaiy  Irom  ()(i°  to  78°h  (this  is  ( oiitrolled  at  the 
mash  coolers),  is  cletermined  hy  experience,  and  governed  by  ler- 
mentor  volume,  mash  concentration,  and  jjroltable  atmosjjheric 
c'bnditions  during  the  next  48-honr  j>eri(Kl.  Under  these  circum¬ 
stances,  the  distiller  pays  close  attention  to  weather  lorecasts.  When 
there  are  adecjuate  cooling  facilities,  it  is  common  practice  to  set 
at  85°F  and  contiol  so  the  temjjerature  does  not  exceed  0()°F. 

I'he  fermentation  reaches  maximum  activity  between  12  and 
>S()  hours,  clejxmding  on  temperature,  agitation,  and  yeast  strain. 
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lum-Ri..  I  f.  Phymcal  and  Chemical  Chancres  during  a  Typical  Alco¬ 
holic  hernientiition  of  Gram  Mash  (Conrtesy- Joseph 
F.  Seagram  K:  Sens,  Inc.,  Louisville,  Ky  ) 
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Since  the  residual  dextriiis  are  slowly  (onverted  to  maltose  during 
iernientation,  its  time  is  much  more  protracted  than  in  most 
molasses  lermentations  and  it  is  not  complete  until  10  to  00  hours 
alter  inoetdation  when  tenij)erature  is  controlled,  and  50  to  72 
hours  without  temperature  control.  Alter  the  j^eriod  ol  maximum 
activity,  very  little  reducing  sugar  is  present,  since  the  large,  active 
yeast  j)oj)idation  metaboli/es  reducing  sugars  much  taster  than  the 
rate  ol  conversion  ol  residual  dextrins.  d'he  changes  that  occur 
during  fermentation,  such  as  pH,  temperature,  reducing  sugar,  total 
sugar,  and  cell  count,  and  alcohol  concentration  in  a  tyj)ical  and 
normal  grain  lermentation  are  illustrated  graphically  in  Figure  14. 

Distillation 

I'he  lermented  beer,  which  contains  0.5  to  8.5%  alcohol  by 
volume,  is  j)umjjed  from  the  lermentor  to  a  beer  well.  Fhe  beer 
well  usually  has  suflicient  cajjacity  to  hold  the  contents  of  approxi¬ 
mately  two  lermentors  and  is  etjuipj^ed  with  mechanical  agitators 
to  keep  the  grain  solids  in  susjiension.  d’his  serves  as  a  feed  tank 
lor  the  distillation  system. 


15. 


Control  Room  for  a  Distillation  System  (Courtesy- 
Joseph  F.  Seagram  K:  Sons,  Inc.,  Lawrenceburg,  Ind.) 


All  modern  grain-alcohol  jilanls  employ  continuous  stills.  I  he 
number  ol  columns,  (omplexity  of  the  system,  the  operating 
procedures,  and  the  attendant  operating  elhciencies  and  costs  vaiy 
widely  with  the  desired  (piality  ol  the  finished  products,  barron"’ 
describes  the  theory  and  practice  of  alcohol  distillation.  It  should 
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FiGi'RE  1().  Distillation  Columiis  and  Steatn-Control  I'alves  of  Multi- 
cohnnn  Distillation  Unit  (Courtesy— [ose}>h  E.  Seagram 
R:  Sons,  Inc.,  Louisville,  Ky.) 


i)e  emphasized  that  imj)rovements  in  this  field  have  been  numerous 
in  recent  years. 

The  lermented  mash  or  beer  is  pumped  into  the  upjjer  section 
oI  the  beer  still  and  direct  steam  enters  the  bottom.  I’he  steam 


passing  up  the  column  strips  the  alcohol  from  the  beer  as  it  Hows 
downward  and  across  each  plate,  d'he  overhead  vapors  j)ass  to  the 
aldehyde  column.  Steam  enters  the  base  of  this  column.  I'he  main- 


product  stream  is  withdrawn  from  the  base  at  about  40“  j)roof. 
Impurities  tend  to  concentrate  in  the  ujjper  section.  The  “low 
boilers”  or  fusel-oil  fraction  is  withdrawn  three  or  lour  plates  above 
the  feed  jjoint  and  goes  to  the  lusel-oil  concentrating  column.  The 
light  boilers  or  heads,”  the  Iraction  rich  in  aldehydes  and 
esters,  is  withdrawn  from  the  top  of  the  column.  4'hese  streams 
represent  about  10  and  5%  of  the  product  stream,  respectively. 

I  he  mam  stream  of  alcohol  at  low  proof  from  the  base  ol 
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llic  aldehyde  column  is  pumped  to  the  reetilying  cohmm.  'Tlte 
lower  sec  tion,  couij)!  isiiig  about  twenty  plates  below  the  leed  point, 
serves  to  strip  aleohcd  irom  the  low-prool  mixture  and  the  twenty 
to  thirty-five  plates  in  the  nj>j)er  section  concentrate  the  alcohol  to 
190°  to  192°  proof  and  provide  lor  further  se])aratic)n  of  a  second 
(nsel-oil  fraction  and  a  second  heads  draw  from  the  condenser  at 
the  top  of  the  cohmm.  Product  alccdml  is  taken  as  a  licjuid  draw 
from  a  plate  near  the  top  of  the  rectifying  column  and  water  is 
discharged  from  the  base. 

T  he  fusel-oil  chtnvs  are  comhined  and  led  to  a  fusel-oil  column 
for  further  separation  and  concentration  of  fusel  oil.  A  fraction 
containing  a  high  concentration  of  fusel  oil  is  drawn  from  the  fusel- 
oil  cohmm  and  sent  to  a  decanter;  the  water  layer  is  returned  to  the 
stripj)ing  section  of  the  oil  column  and  the  fusel  oil  to  storage.  A 
heads  fraction  is  drawn  from  the  top  of  this  column,  comhined 
with  the  heads  from  the  rectifying  cohmm,  and  fed  back  to  the  toj) 
of  the  aldehyde  column. 

.Modern  alcohol-distillation  units  are  well  instrumented  and  are 
efficient  in  recovering  and  [mrilying  alcohol. 

Recovery  ol  (iraiii  Residiien 

I'he  stillage  discharged  from  the  base  of  the  beer  still  contains 
()  to  8%  of  total  solids.  I'he  use  of  approximately  29%  of  this 
residue  in  cooking  and  fermentation  has  been  described.  I'liirty 
years  ago,  it  was  common  practice  to  sell  stillage  by  the  barrel  to 
larmei's  for  wet  feeding  and  to  dispose  of  the  excess  in  adjacent 


Fit;iiREl7.  liecovny  oi  Dislillers  liy-Producis  (Courtesy  Joseph  E. 
Seagram  R:  Sons,  Inc.,  laiuisville,  Ky.) 
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streams.  I'hc  cnlorcement  ol  stream-pollution  laws,  the  develop¬ 
ment  ol  the  mixed  leed  industry,  and  the  rapid  tec hnologictil 
advanees  by  the  distilling  industry  in  the  ]>ast  15  years,  have  been 
reiyjonsible  lor  total  recovery  ol  grain  residues  in  dehydrated  Icjrm 
by  all  modern  plants,  d'his  has  become  a  profitable  oj^eration  ol 
considerable  economic  importance  to  the  distillery  and  to  agri- 
cidture. 

Figure  17  illustrates  the  ojierations  in  a  typical  distillery  dryer 
house.  Stillage  is  screened  to  remove  a  high  jiercentage  ol  the 
suspended  solids;  these  are  then  dewatered  in  j^resses.  The  elHuent 
from  the  screens  and  jnesses,  or  “thin  stillage,”  is  cc^ncentrated  in 
nuiltiple-efiect  evaporators  to  30  to  35%  solids.  I’he  resulting 
product  is  called  evaporator  sirup.  The  evajxirator  sirup  may  be 
dried  on  drum  driers  to  jnoduce  distillers’  dried  solubles,  as  shown, 
or  it  may  be  combined  with  the  jness  cake  and  dried  in  rotary 
driers  to  produce  distillers’  dark  dried  grains.  If  solubles  are  pro¬ 
duced,  then  the  press  cake  is  dried  sej^arately  to  yield  distillers’  light 
di ied  glams,  boiuff  has  described  a  modified  iirocess  in  greater 
detail. 
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Distillers’  dried  j^roducts  are  good  sources  ol  protein  and  the 
nutritional  value  ol  the  original  grain  solids  is  enhanced  by  the 
yeast  lernientation.  A  great  deal  ol  research  on  the  use  ol  these 
j)roducts  in  animal  and  poultry  lations  has  been  reported  in  the 
technical  literature.  The  results  ol  many  recent  studies  have  been 
published  by  the  Distillers’  Feed  Research  (atuncil.'”  ’^  *® 

In  acklition  to  the  grain  residues,  another  jiotential  by-product 
Ironi  grain-alcohol  j^lants  is  the  carbon  dioxide,  lliis  gas  is 
jnoduced  during  the  lernientation  and  may  be  collected  Irom  closed 
lermentors,  purihed,  and  sold  as  liqtiid  carbon  dioxide  or  as  “dry 
ice.”  Few  grain  distilleries  recover  the  carbon  dioxitle.  .\  disctission 
ol  this  by-jji'oduct  is  given  in  Chapter  .S  on  the  alcoholic  Icrmenla- 
tion  ol  molasses. 


A  N  A  L  YT I  CAL  M  E  I  H  O  DS 

All  jihases  ol  the  manulacturing  jirocess  are  carelully  controlled 
by  analytical  methods.  Raw  materials  entering  the  plant  are  tested 
lor  quality.  Processing  stejis,  especially  the  actual  lermentation,  are 
controlled  by  analyses,  and  the  final  products  arc  checked  lor 
purity. 


Raw  Materials  and  Fermeiitalion 

Ciround  grain  is  tested  as  a  routine  lor  sieve  analysis.  ^Vhere 
efficiencies  are  to  be  determined,  the  ground  grain  is  analyzed  loi 
moisture  and  starch  contents.  Routine  bacteriological  examinations 
are  made  on  yeast  inocula. 

Alter  filling  a  lermentor,  “set  analyses  ’  are  made  on  the 
lermentor  contents.  4'he  initial  volume  ol  mash  in  the  lermentoi  is 
measured  and  a  sample  ol  the  contents  taken  to  the  laboratory  loi 
analysis.  4’he  analyses  usually  include  measurements  ol  Balling, 
jjH,  and  titrable  acidity.  For  these  tests,  a  sample  ol  the  mash  is 
strained  to  remove  grain  solids,  fiy  using  a  Ihilling  hydiometei, 
the  density  ol  the  mash  is  determined  in  degrees  Balling.  1  he 
Balling  hydrometer  scale  expresses  essentially  the  percentage  ol 
dissolved  solids  in  the  mash,  1°  lialling  representing  1%  solids. 
Frequently  the  Balling  reading  is  considered  as  the  percentage  ol 
sugar;  however,  in  addition  to  sugars,  dextrins  and  other  dissolved 
substances,  all  affect  the  density  and  thus  the  Balling  reading.  The 
j)H  ol  the  strained  mash  is  determined  by  means  ol  a  glass-electioc  e 


55 


Alcoholic  I'ermentalion  of  Grain 

pH  meter  and  the  titrable  acidity  i)y  titrating  a  measured  sample  ol 
the  strained  mash  with  standard  alkali.  Although  custom  vanes  iii 
dilferent  |dants,  acidities  are  Irequently  expressed  as  milliliters  ol 
(1^1  A  sodium  hydroxide  solution  reciuired  to  titrate  10  ml  mash  to 
the  phenoljjhthalein  end  point. 

During  the  lermentation,  samjdes  are  taken  periotlitally  Iroin 
each  lernientor  lor  analysis  to  obtain  data  similai  to  those  shown 
in  Figure  14.  I'ypically,  the  temperature  ol  the  mash  iu  the 
lernientor  is  recorded  and  alcohol  content,  Balling,  pH,  and  titiablc 
acidity  determined  on  a  sample  ol  the  lermenting  mash.  Alcohol 
is  determined  by  distilling  a  ineasuretl  volume  ol  the  mash  and 
collecting  a  definite  volume  ol  distillate  on  which  alcohol  de¬ 
terminations  are  made  by  measuring  s])ecific  gravity,  or  relractive 
index,  or  boiling  jjoint  and  relerring  the  readings  obtained  to 
apjnopriate  tables.  Balling  hydrometer  readings,  jiH  determination, 
and  acidity  titrations  are  run  on  strained  samples  ol  the  mash. 
I’hese  combined  determinations  give  an  indication  ol  the  progress 
ol  the  fermentation.  11  the  fermentation  is  normal,  the  curves 
obtained  for  a  lernientor  will  be  similar  to  those  show'u  iu  Figure 
14.  Contamination  in  a  lernientor  wall  be  evidenced  by  high  titrable 
acidity  and  low’  pH.  Fbider  these  conditions,  the  iernieiitation  will 
be  slow’  and  incomplete  and  the  Balling  readings  high. 

At  the  end  ol  the  lermentation,  the  final  volume  of  the  beer  in 
the  lernientor  is  measured  and  the  final  alcohol  content,  final 
Balling,  final  jiH,  and  final  titrable  acidity  are  determined.  From 
the  final  mash  volume  and  data  on  grain  charged  to  the  fermentor 
and  akohol  content  of  the  beer,  the  yield  is  calculated. 

Proiluols  of  Oislillatioii 

In  the  modern  distillery,  the  quality  ol  the  ]>roducts  (both  ol 
the  main  jiroduct  alcohol  and  ol  the  by-jiroducts)  is  controlled  by 
laboratory  analyses.  During  distillation,  samples  ol  the  stillage  are 
tested  lor  “slop  loss,”  that  is,  for  any  alcohol  not  stripped  from  the 
beer  but  left  in  the  stillage.  The  product  alcohol  is  analyzed  for 
alcohol  concentration  (proof),  aldehydes,  esters,  organic  acids,  and 
uscl  oil.  Methods  ol  the  Association  of  Official  Agriculttiral 

■.itho'uo'h  ‘  detenninalions 

•dlhough  many  labnracones  asc  oilier  n.etluxis  of  anaivsis  Tlic 

s.a.n  res, lines  a,c  analysed  lor  n,„is,n,c,  piolein,  la,,' ash,  and 
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iiiti ogeii-Irce  extract  by  the  usual  methods  ol  j)r()ximate  fecxl 
analysis. 


F.VCrORS  INFIAIKNCINC;  ALCOHOL  VlFLl) 

I  he  alcoholic  lermentation  ol  malt-eonvertecl  grain  mashes  is 
particularly  interesting,  since  two  associated  biological  jjrocesses 
are  conducted  sinndtaneously  in  the  presence  ol  potentially  com- 
j^etitive  bacterial  processes.  The  comj>romise  ccjiulitions  under 
which  the  two  primary  processes  are  conducted  are  not  optimum 
lor  either  and  yet  must  he  maintained  to  achieve  the  maximum 
alcoliol  yield.  Fhe  two  j>rocesses  are  the  en/ymic  hydrolysis  ol  the 
residual  clextrins  to  lermen table  sugars  and  the  conversion  ol  the 
sugars  to  alcohol  by  yeast  lei  mentation.  Lotii  are  operative  during 
the  main  lermentation  and  the  lailure  ol  either  one  will  be  rellected 
in  reduced  etficiency  and  low  alcohol  \ields. 

Lhere  are  many  lactc^rs  that  have  a  significant  effect  on  alcohol 
yield  and  efficiency.  Certain  ol  these,  jiarticidarly  the  lactors  that 
are  integral  with  j^rocess  modifications  and  procedures,  have  been 
discussed  previously.  The  remainder  may  be  classified  as:  (1)  the 
jiliysiological  condition  ol  the  inoculum,  (2)  the  environmental 
lactors  present  during  fermentation,  and  (.S)  the  cpiality  ol  the  raw 
materials. 


Pliysiologic'al  C.onclilioii  of  the  liioeuliiiii 

Fhe  jihysiological  condition  of  the  inoculum,  the  cjuantity  and 
the  cell  jjojndation  are  ol  considerable  importance.  Fortunately, 
most  yeasts  are  resistant  to  adverse  environmental  conditions  and 
are  adaptable  to  a  wide  range  ol  conditions.  'I’hus,  the  condition 
ol  the  inoetdum  is  by  no  means  as  critical  as,  for  examjjle,  in  the 
case  ol  butyl  alcohol  lermentation.  However,  the  realization  ol 
tlie  maximum  alcohol  yield  does  recjuire  growth  ol  the  inoculum 
under  oj^timal  conditions. 

Kxjjerience  has  sliown  that  an  actively  growing  yeast  culture  in 
tlie  logarithmic  growth  j>hase  and  in  an  amount  ecpiivalent  to  2% 
ol  the  final  lermentation  volume  jirovides  sufheient  yeast  cells  to 
initiate  rapid  growth  and  lermentation.  I  he  cell  count  vaiies  with 
tlie  yeast  strain  and  medium.  Fhe  procedure  described  earlier  will 
residt  in  a  cell  concentration  ol  150  million  to  200  million  per 
milliliter  with  most  distillery  yeast  strains,  d'he  activity  ol  the 
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inoculum  may  be  arresiecl  by  liokliug  at  low  temperatures  lor  use 
several  hours  later.  Ibis  procedure  has  uo  tleleterious  effect, 
although  experience  has  shown  that  it  is  not  desirable  to  use  a 
(^dture  that  is  more  than  24  to  2b  hours  old,  since  oldei  cultuies 
may  result  in  a  yield  reduction  of  2  to  4%. 

Until  recently,  it  was  widely  believed  in  the  industiy  that  the 
jDi'imary  criteria  ot  a  good  yeast  mash  were  the  ability  to  suppoit 
rapid  yeast  growth  and  to  develop  the  normal  population  lor  the 
given  strain.  This  hypothesis  is  open  to  question  as  recent  reports 
offer  evidence  that  a  yeast  mash  may  meet  these  criteria  and  yet 
lack  necessary  growth  factors.  Correction  of  the  dehciency  results 
in  an  increased  efficiency  in  the  sid)sequent  fermentation.  Scalf  and 
coworkers^'^  found  this  to  be  particularly  true  of  aerobically 
grown  inoculum.  Their  data  indicate  that  a  lack  of  these  factors  in 
the  medium  for  inoculum  may  not  affect  yeast  growth  or  sugar 
utilization  in  the  fermentor  apj^reciably,  but  has  a  marked  effect 
on  the  efficiency  of  the  conversion  of  sugar  fermented  to  ethyl 
alcohol.  Boyer  and  Underkofler’^  re]:)orted  plant  data  showing  that 
the  use  of  mold  bran  in  the  yeast  mash  resulted  in  more  vigorous 
yeast  and  increased  the  yield  of  alcohol.  These  rcsidts  have  been 
described  in  greater  detail  by  Underkoffer,  Severson,  and  Goering.^' 
\4in  Lanen,  LeMense,  Anellis,  and  CormaiU”  have  rej^orted  similar 
residts  with  the  addition  of  })apain.  The  last  two  grouj:)S  were 
working  with  yeast  mashes  ordinarily  considered  as  bordering  on 
the  deficient,  that  is,  containing  20  to  25%  barley  malt  with  80  to 
75%  corn. 


Enviroiinienlal  Factors 

It  is  necessaiy  to  discuss  each  ol  these  lactors  separately  and 
yet  the  interrelationship  must  not  be  subjugated  and  should  always 
be  kej)t  in  mind.  As  stated  before,  the  alcoholic  grain  fermentation 
is  a  comjiiomise.  Barley  malt  not  only  provides  amylase,  but  also 
contaminates  the  mash.  High  yields  can  only  be  attained  by  main¬ 
taining  such  conditions  that  the  residual  amylases  will  continue  to 
function  until  the  conversion  of  residual  dextrins  is  complete,  and 
the  leimentable  sugar  so  produced  is  converted  to  alcohol  The 
critical  environmental  factors  are:  (1)  pH,  (2)  buffer  capacity, 
(. )  initial  load  of  contaminants,  (4)  temperature,  (5)  mash  con¬ 
centration,  (b)  alcohol  concentration,  and  (7)  yeast  nutrients. 
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(iiain  mashes,  without  pH  acljtistmcnt  with  atitl  or  stillage, 
will  enter  the  lermentor  at  pH  5.1  to  5.(').  Stillage  added  during 
cooking  will  reduce  the  pH  and  il  the  amount  ol  stillage  is  20% 
ol  the  final  mash  volume,  then  the  pH  ol  a  corn-spirits  mash  will 
be  approximately  4.9  to  5.0  at  the  lermentor. 

rite  jJi'incipal  microbial  contaminants  in  a  distillery  are  lactic 
acitl  lormers.  4'he  development  ol  these  microorganisms  irom  a 
relatively  Ioav  concentration,  or  at  a  low  initial  load,  is  repressed 
severely  at  pH  vahies  under  5.0.  Above  pH  5.0,  their  growth  is 
rapid.  I'hus,  it  has  been  lound  most  desirable  to  adjust  the  initial 
pH  to  4.8  to  5.0  with  either  stillage  or  suHuric  acid.  Rye  mashes 
tistially  retjuire  acid  in  addition  to  20%  by  volume  ol  stillage  due 
to  a  higher  btdler  cajjacity. 

As  soon  as  the  pH  ol  a  lermentation  lalls  below  about  4.1,  the 
amylases  are  inactivated.  11  this  occurs  prior  to  the  complete  con- 
\ersion  ol  the  residual  dextrins,  low  yields  residt.  In  the  absence 
ol  acid  lorming  bacteria,  the  final  pH  trill  be  4.1  to  4.4,  dejjending 
on  the  type  ol  grain  and  the  amount  and  type  ol  stillage.  The 
adjustment  ol  the  initial  j>H  to  4.8  to  5.0  thus  extends  the  period 
of  residtial  dextrin  conversion.  4  his  becomes  ol  increasing  value 
in  obtaining  high  yields  as  the  initial  number  ol  acid  lormers  in¬ 
creases.  Experimental  evidence  has  been  given  by  Whllkie,  Kolachov, 
and  Stark.'*-  It  shotdd  be  emphasi/ed  that  pH  adjustment  is  no 
jxinacea  and  lailure  to  observe  sanitary  |)lant  practices  will  still 
result  in  yield  reductions  ol  as  much  as  20%  even  with  adjustment 
ol  the  initial  pH. 

.Attemjits  to  salvage  grossly  contaminated  lermentations  by 
addition  ol  lime,  caustic,  or  soda  ash  invariably  lail,  since  this 
accelerates  the  lactic  lermentation  and  the  rate  ol  acid  j)roduction 
at  the  exj)ense  ol  alcohol  lormation  will  actually  exceed  an^ 
practical  rate  c)l  alkali  addition.  1  he  end  result  is  a  still  gieater 
reduction  in  yield.  4  his  is  a  measure  that  has  been  tried  occasionally 
in  many  plants. 

I  he  only  successful  j)rc)ceclure  to  date  for  pH  control  in  the 
desired  range  is  sanitary  plant  operation  and  reduction  ol  the 
natural  pH  level  of  grain  mashes  with  stillage  and/or  acid  to 
1.8  to  5.0  at  the  start  of  lermentation.  Some  distilleries  prefer 
adjustment  to  as  low  as  \)H  4.5  and  rei)ort  succe.ssful  results. 
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liUFFER  CaPACFIV 

Tlic  buffer  capacity  of  the  mash  is  important.  Grain  mashes  are 
generally  well  butterecl  from  5.0  to  0.0,  poorly  l^ulfered  from 
'jfDH  4.4  to  5.0,  and  well  huHered  from  j)H  .4.5  to  4.4.  Stillage  is  of 
added  value  again,  since  it  adds  considerably  to  the  buffer  capacity 
of  the  mash  between  jjH  4.5  anti  4.4.  d  his  aids  in  stabilizing  the 
]jH  above  4.1  for  the  maximum  peritxl  and  is  one  reason  why 
stillage  mashes  give  higher  average  yields  than  mashes  from  the 
grains  without  stillage. 


Initial  Load  of  Contaminants 

Good  process  sanitation  is  most  important  in  the  control  ol 
contamination  and  the  realization  ol  maximnm  alcohol  yields. 
Due  to  the  physiological  conditions  under  tchich  lermentation  takes 
place,  it  is  not  necessary  to  resort  to  the  drastic  j^rocedures  used 
with  fermentations  such  as  those  jiioducing  butyl  alcohol  or 
penicillin.  Displacement  of  steam  with  sterile  air,  maintenance  of 
positive  pressure,  double  valving,  and  overlapping  sterilization  are 
not  recjuired.  However,  j^ijjing  installation  and  ecpiijnnent  design 
should  make  provision  lor  adequate  steam  sterilization,  ease  ol 
cleaning,  and  the  elimination  of  mash  and  condensate  pockets.  1  he 
practices  and  equijjinent  for  cleaning  and  sterilization  procedures 
lor  distilleries  are  adequately  described  by  Willkie  and  Proch  ask  a. 
Close  adherence  to  the  recognized  princijdes  is  essential  in  holding 
the  initial  number  ol  contaminants  to  a  minimum. 

It  is  recognized  that  in  a  jiioduction  unit,  it  is  desirable  to 
operate  the  mashing  and  cooling  systems  lor  the  maximum  length 
ol  time  l>etvvcen  cleaTMips.  rhis  lias  led  to  several  attempts  to 
establish  the  maximum  ])ermissible  load  ol  roiuaminants.  Little 
miormation  has  been  published  since  there  is  considerable  variation 
depending  on  the  method  ol  coimting  bacteria,  plant  design  and 
o|icratmg  procedine.  The  Seagram  group*’  has  lotnul  that  1(1  (1(1(1 
liacteria  per  imlhliter.  as  .Iclenniiied  by  tlie  thioglvcollate  tube 
thh.tion  method,”  represents  a  level  below  which  comamiiiation  is 
cot  a  ytel.  lactor.  Above  these  levels,  lower  alcohol  yields  may  be 
aiitic  ipated,  although  they  do  not  always  occur. 

I  EMPERATURE 
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()l  lOO^F  in  the  absence  oi  alcohol,  and  OO'T  al  alcohol  concentra- 
lions  above  4.5%  by  vohnne.  I  he  niaxinnnn  growth  teinjjeratnre 
of  most  yeasts  under  tliese  conditions  is  about  90'’F.  It  has  been 
pointed  out  that  the  protracted  lermentation  jieriod  due  to  dextrin 
conversion  makes  it  necessary  to  maintain  the  yeast  popnlation  in 
good  condition.  Failure  to  control  the  temperature  within  the 
optinnnn-growth  temperature  range  destroys  yeast  activity  in  a  few 
hours  and  thus  sharply  reduces  the  alcohol  yield.  If  the  temperature 
exceeds  91)°F  for  any  appreciable  length  of  time  dining  the  first  21 
hours,  then  yield  reductions  of  10  to  15%  may  result.  Furthermore, 
the  liigh  temperatures  favor  the  grotvth  ol  bacterial  contaminants. 
File  molasses  fermentation  ((ihapler  .4)  may  be  conducted  at  higher 
temperatures  than  the  grain  fermentation,  since  the  carbohydrate  is 
present  initially  in  a  fermentable  state  and  no  en/ymic  saccharifica¬ 
tion  is  involved. 

Mash  Conc:f.m ration 

Fhe  initial  concentration  of  the  mash  governs  both  the  final 
alcohol  concentration  and  the  heat  release  per  unit  volume.  It  is, 
therefore,  necessary  to  employ  a  concentration  that  will  neither 
generate  more  heat  than  can  be  dissipated  without  exceeding  90°F 
nor  potentially  result  in  an  alcohol  concentration  in  excess  of  the 
practical  alcohol  tolerance  of  the  yeast  strain.  However,  an 
unnecessarily  dilute  mash  increases  the  steam  consumption  lor 
distillation  and  by-product  recovery  and  reduces  plant  capacity. 
Cioncentrations  of  55  to  .58  gal  ol  mash  per  bushel  ol  grain  are 
customary,  although  concentrations  as  high  as  50  gal  of  mash  jier 
bushel  have  also  been  usetl,  usually  with  some  alcohol-yield  re¬ 
duction.  During  World  War  II,  yield  was  sometimes  sacrificed  in 
the  interest  of  an  over-all  increase  in  jdant  capacity  and  outiiut. 

Aix.ohol  (]()Nc:f.n  IRA  1  ion 

Fhe  fermentation  rate  ol  yeast  is  greatly  reducetl  in  the 
presence  f)f  ethyl  alcohol  as  jucA’iously  discussed,  ft  is  ajijiaient  that 
a  high  mash  coiuentralion  and  resultant  high  final  alcohol  con¬ 
centration  will  juotrait  the  fermentation  period,  possibly  to  a 
dangerous  degree,  si  me  the  added  time  la\'ors  development  ol 
(ontaniinants. 

^'FAS^  NiriRlFNTS 

.Small-grain  mashes  (wheat,  lye,  bailey  malt)  are  relatively  lich 
in  nutrients,  while  (orn  mash  with  8  to  19%  ol  barley  malt  is 
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marginal  in  nutrient  level.  None  ol  these  require  supplementing 
with  inorganic  nitrogen,  as  this  does  not  result  in  yield  incieases. 
Most  ol  the  nutrients  in  corn  mashes  are  contained  in  the  distillers 
barley  malt.  Stillage  has  aiqueciable  nutrient  value  and  is  added 
for  this  reason  and  also  lor  its  hulfering  value  and  aid  in  adjusting 
the  ])H. 

If  the  content  ol  distillers’  Iiarley  malt  in  a  mash  is  ledtic.ed 
below  8%,  then  sufhcient  amylase  may  be  present  hut  inadequate 
nutrients.  It  has  been  found  that  6%  distillers’  barley  malt  in  a 
corn  mash  may  result  in  a  2  to  5%  reduction  in  yield,  d  his  has 
been  overcome  by  the  addition  ol  0.5  to  1.0%  ol  malt  sprouts. 
\dm  Lanen,  LeMense,  Anellis  and  Corman"'"  have  investigated  the 
relationship  between  malt  requirements,  jjroteolytic  enzymes,  yeast 
nutrients  anti  alcohol  yield.  I'hey  concluded  that  corn  mash  con¬ 
taining  8  to  10%  of  malt  is  sid)optimal  with  respect  to  amino 
nitrogen  and  were  successful  in  accelerating  the  fermentation  rate 
with  proteolytic  enzymes  or  with  protein  hytlrolyzates.  The  siqj- 
plements  had  no  beneficial  effect  on  yield  except  when  the  malt 
level  was  reduced  to  about  4%.  Part  of  their  data  on  supplements 
added  to  mashes  with  reduced  levels  of  malt  appears  in  Table  9. 
It  will  be  noted  that  the  use  of  pajiain  and  low  levels  of  casein 
hydrolyzate  or  urea  added  to  4%  malt  mashes  increased  the  yield 
to  almost  the  same  level  as  the  10%  malt  mash.  Efficiencies  were 
not  as  high  since  the  4%  malt  mash  had  a  higher  average  starch 
content. 

Data  in  the  same  table  also  illustrate  the  customary  reduction 
in  yield  that  lesults  Irom  high  levels  ol  added  nitrogen,  particidarly 
with  urea  or  ammonia  nitrogen.  As  has  been  suggested, this  is 
lirobably  due  to  ammonia  being  fixed  in  carbonyl  groups  such  as 
pyruvic  acid  and  shunting  a  part  of  the  (arbohydrate  out  of  the 
lermentation  lycle.  Adams,  VVood.s,  and  Stark"  have  leported 
similar  data  from  attempts  to  increase  the  protein  content  of  by- 
product  leeds  by  the  addition  of  urea  to  regular  distillery  mashes.  ’ 

Quality  of  Raw  Materials 

SlARCai  SotiRCE 

Tl.c  alroh,,!  yieUI  i.s  in  clim  t  , i„„  u,  ihc  sta.rh  <„,ucnc 
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Fable  9.  EFFEC  F  OF  CASEIN  HVDROFYZA  FF,  UREA,  AND 

s  I  illac;f  on  i  he  fermentation  of  corn 

MASHES  SACCHARIFIED  WFITI  A  SFIBOPFIMAL 
LEVEL  OF  MALI 


( .onversion 
malt,  % 

XiiKigcn  siipplcmciil 
|)cr  100  ml  of  mash 

ll  V  tg///  Lo.ss  ill 

IB  hours  42  hours 

(ildlllS 

08  hours 

1'  iual 
pH 

Yield  ol 
alcohol 
proof  gal 
|XM  hu 

10 

None 

7  Si 

1,').,') 

10.7 

4.5 

5.1  / 

4 

None 

5.(> 

13.0 

15.0 

4.1 

4.70 

1 

liO  ml  stillage 

7.0 

13.8 

1  (i.2 

4.2 

4.02 

1 

10  mg  papain 

1  i.i 

l.f).3 

10.8 

4.5 

l.iO 

(  ascin  hydrol y/ale, 

amino-nitrogen 

e(|uivaleiUs  (mg) 

-4 

0 

7.1 

1  4.4 

10.2 

4.3 

5.0 1 

•4 

() 

0.2 

14.0 

1 0.3 

1.4 

5.13 

•4 

12 

10.7 

14. .7 

10.4 

4..*) 

5.14 

4 

24 

12.2 

15.4 

10.5 

4.0 

5.20 

•4 

40 

12.7 

14.7 

Ki.l 

4.0 

.5.05 

I'rea-nitrogen 

ecpiivalents  (mg) 

•4 

2 

0.7 

12.8 

15.8 

4.3 

4.83 

4 

6 

8.4 

14.3 

10.0 

4.3 

5.03 

•4 

12 

0.‘5 

14.2 

10.0 

4.4 

4.80 

4 

24 

1 1.0 

14.3 

15.0 

4.4 

4.80 

4 

40 

I2.‘5 

14.1 

15.7 

4.5 

4.08 

Soiirtc:  \'an  I.ancn,  Lc  Mense, 

.\nellis,  and  C.orman.®" 

grain  o[ 

better  cjuality  tmless  the  degree  ol 

damage  is  very  high. 

However, 

this  condition  may  result 

in  increased  grain  losses  on 

O 

cleaning 

and  may  have  an 

adverse  ellect  on 

the  cjualily  ol 

alcohol 

procliicetl  and  is,  therclorc,  undesirable.  I  he  bacterial  content  ol 
the  grains  is  not  important  when  the  mash  is  cooked  at  2l2°k  or 
above.  Adams,  Stark  and  Kolachov*  have  shown  that  kiln  drying 
ol  torn  at  temperatures  in  excess  ol  200°k  will  result  in  2  to 
decrease  in  alcohol  yield,  ajjparently  due  to  starch  degradation.  A 
high  j)ercentage  c)l  new  corn  is  kiln  dried  during  lall  and  eaily 
winter  months. 
l)ARiiA'  Mali 

I  he  en/yme  content  ol  barley  malt  has  a  pronounced  elleci  on 
the  alcohol  yield.  .At  one  time  it  was  believed  th;it  ^-amylases,  oi 
the  sacchariiying  en/ymes,  were  ol  primary  importance  and  the 
oc -amylases,  or  licjuilying  enzymes,  were  secondary.  On  this  basis,  the 
Limner  value  which  rellects  /y-amylase  content  was  believed  to  be 
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the  only  necessary  specification.  Malts  with  Lininer  values  ovei 
I  TO”  dry  I)asis  were  believed  to  be  ol  nnilonnly  high  cjnality.  Some 
distillers  have  made  the  Lasthe  test'"  the  basis  ol  their  speciheations. 
IV'C'ognition  ol  the  im])ortance  ol  the  cc -glue osiclase  systems  in 
residual  or  limit  dextrin  conversion  and  advances  in  the  themistiy 
ol  enzymic  starch  hydrolysis  have  Ic'cl  to  lurthei  investigations  ol  the 
relationship  between  alcohol  yield  and  the  several  enzyme  systems 
present  in  barley  malts.  I  his  has  been  stimulated  by  the  economic 
desirability  ol  using  minimum  concentrations  ol  malt. 

rhorne,  Emerscju,  Olson,  and  Peterson, in  a  study  cjii  malt 
evaluation,  loimcl  significant  correlations  between  both  oc-  and 
/^-amylase  values  and  alcohol  yields  Ironi  wheat  mashes  converted 
with  2%  malt  and  lermented  lor  72  hours,  and  between  oc -amylase 
only  and  alcohol  yield  at  a  5%  malt  level  with  .Hb-hour  lermenta- 
tions.  It  was  their  conclusion  that  data  on  the  amylase  contents  ol 
malts  are  inlormative,  but  undetermined  factors  play  an  imjiortant 
role  and  malt  can  be  evaluated  only  by  lermentation  tests.  Wdiite- 
house,  Delehanty,  Scall,  and  Smith,"'  enijdoying  a  mexliheation  ol 
Thorne’s  reduced  malt  level  technicjue  that  compensates  in  part 
lor  nutrient  lactors,  have  obtained  good  correlation  between 
oc -amylase  values  and  alcohol  yield.  Their  data  indicate  a  range  in 
yield  Ironi  9.3  to  10.5  proof  gallons  per  100  lb  ol  corn  (dry  basis), 
depending  on  the  oc -amylase  content  ol  the  barley  malts  that  were 
used.  I'he  higher  oc -amylase  levels  produced  the  higher  alcohol 
yields. 


1  he  conversion  ol  limit  dextrins  is  a  phenomenon  about  which 
surprisingly  little  is  known,  considering  its  technical  and  economic 
imjioitance.  Pigman"^  has  jiiesented  data  in  supjjort  ol  the  beliel 
that  the  hydrolysis  ol  starch  by  malt  amylases  reaches  an  equilibrium 
in  the  absence  ol  yeast  lermentation.  During  lermentation,  maltose 
is  removed  and  this  allows  the  reaction  to  proceed,  back.  Stark,  and 
Scall"  have  ine.sentcd  data  indicating  that  limit  dextrins  are' con¬ 
verted  by  a  third  enzyme  system.  Witt  and  Ohle,"-'-®"’^''  usiim  a 
different  approach  to  the  problem,  have  concluded  that  d-amyhise 
may  be  ol  greater  importance  than  cc -amylase,  but  also  state  that  a 
tiuu  ,  lelat.vely  lieat  labile  sysleiii  is  essential  for  inaxinuini  alcohol 
yield.  I  hey  are  ohvioii.sly  not  i,,  ilisagreemeiu  with  Pigman  but 
piesinnably  have  gone  lurthei  into  the  inechaiiisni  of  the  ovcr-all 
leaction.  There  are  siilhcient  data  to  siibslaiitiate  the  belief  that 
in  addition  to  the  =■  and  /j-aniylases,  at  least  one  en/yine  system  i 
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essential  lor  complete  conversion  and  maximum  alcohol  yields. 

A  coojjerative  research  program  conducted  by  several  labora¬ 
tories  niuler  the  coordination  ol  the  Malt  Research  Institute 
l.ahoratories  at  Madison,  Wisconsin,  has  been  in  jnogress  lor  several 
years,  d'he  residts  ol  this  program  are  expected  to  clarily  many 
ot  the  interrelationships  between  barley  malt  and  alcohol  yield. 

Barley  malt  is  the  primary  source  ol  bacterial  contaminants  in 
mash,  rhus,  the  tyj)e  ol  bacteria  and  the  total  numbers  entering 
the  process  are  important  yield  lactors.  It  was  commonly  believed 
that  the  bacterial  content  ol  barley  malt  should  be  held  to  a 
minimum.  I  bis  was  made  the  basis  ol  a  patenf"  lor  the  lor- 
maldehyde  treatment  ol  barley  malt.  Adams,  Stark,  and  Kolachov^ 
have  shown  that  the  ])asteuri/.ation  eltect  ol  the  conversion  tempera¬ 
ture  ol  HS^F  lor  as  short  an  exjjosure  time  as  1  minute  reduces  the 
number  ol  contaminants  below  the  critical  level,  regardless  ol  the 
initial  bacterial  content  ol  the  malt.  However,  this  is  not  always 
true,  since  inlrec|uently  contamination  resulting  in  yield  reductions 
ol  10  to  15%,  at  times  when  all  other  lactors  could  be  eliminated, 
has  been  traced  to  bacterial  contaminants  introduced  with  the  malt, 
d  he  tyjje  ol  bacteria  lesponsible  has  been  lound  to  be  a  veiy  last- 
growing,  acid-lorming  short  rod  (almost  coccoidal),  that  is  evidently 
thermoduric  and  able  to  initiate  growth  at  pH  levels  below  4.8. 
Fortunately  this  contaminant  is  lound  very  inireciuently. 

A  better  understanding  ol  the  interrelationship  ol  the  lactors 


that  inlluence  the  yieltl  ol  alcohol  Irom  grain-imish  lei ment,itions 
may  be  realized  by  a  study  ol  the  data  previously  presented  in 
Figure  14.  The  changes  in  pH,  titrable  acidity,  sugar  concentration 
(Balling),  alcohol  concentration,  cell  imimlation  and  temperature 
during  normal  lermentation  ol  a  corn-sihrits  mash  are  illustrated 
graphically.  I  his  lermentation  was  conducted  with  temperature 
control  in  the  range  ol  8()-89”F  and  with  some  agitation  due  to 
recirculation  ol  the  mash  through  external  heat  exchangers.  I  bus 
lermentation  was  complete  in  .H7  hours  alter  inocidation.  The 
alcohol  yield  was  very  good  as  woidd  be  exjjected  Irom  the  Imal 
conditions  ol  low  acid  rise,  pH  above  1.0,  and  negative  Balling. 
It  will  be  observed  that  10%  barley  malt  was  used  and  that  the 
initial  pH  was  adjusted  with  sulluric  acid,  since  no  stillage  was  used. 
4  he  curves  would  be  similar  in  the  absence  ol  temperature  control, 
excejn  lor  a  lower  setting  temjierature  (66°  to  72“F),  and  the 
lermentation  period  would  be  extended  to  56  to  70  hours. 
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It  would  jX'ihaps  be  ol  still  greater  value  il  Figure  \4  might  be 
aeeoiuixuiied  by  graphs  illustrative  ol  abnormal  (onditions.  How¬ 
ever,  the  jiresentation  ol  a  normal  set  ol  data  will  aid  those  who  may 
h'Sve  occasion  to  interpret  and  analyze  data  Irom  alcoholic  fermenta¬ 
tions  ol  grain  mashes. 

RECiENT  IMPROVEMENTS  IN  THE  ALCOHOLIC 
GRAIN-FERMENTATION  PROCESS 

There  are  other  new  developments  in  methods  of  yeast  cidtiva- 
tion,  starch  conversion,  and  fermentation  not  in  commercial  use. 
I'hose  that  Avill  be  discussed  in  this  section  have  been  studied  on 
pilot-plant  or  semi-commercial  scale  and  it  is  anticipated  that  the 
adoption  of  some  of  these  improvements  may  materially  alter  the 
commercial  alcoholic  grain-fermentation  jjrocess. 

Yeast-Ciiltiire  Preparation 

method  for  the  continuous  aerobic  production  of  pure 
culture  distillers’  yeast,'“’’  has  been  described.  A  sterile  wort  is 
used  as  a  medium  and,  due  to  vigorous  aeration,  the  cell  count  is 
apjii'oximately  three  times  the  maximum  under  anaerobic  con¬ 
ditions.  The  cycle  during  the  continuous  phase  is  4  hours  and  all 
ojjerations  are  carried  out  under  asejjtic  conditions.  Thus,  the 
continuous  aerobic  process  requires  much  less  equipment.  Further¬ 
more,  the  elimination  of  contamination  is  a  step  toward  aseptic 
distillery  operation,  which,  ol  course,  can  be  achieved  with  proper 
anaerobic  technique  also. 


Starch  Conversion 


I  he  less  satisfactory  asjiects  of  the  conventional  use  of  barley 
malt  for  starch  conversion  have  been  discussed.  The  desire  to 
avoid  the  jnoblems  that  accomjjany  incomjdete  conversion  of  starch 
and  to  eliminate  barley  malt  as  a  source  of  contamination  has 
motivated  a  great  deal  ol  research  on  the  alternate  use  of  either 
mineral  acids  or  other  enzyme  systems  that  have  higher  activity 
and  are  Iree  from  contaminants. 

/Veil)  Ha'drolysis 


Corn  sugar  (rlextrosc)  I, as  l)ccn  |n„<|„cc<l  lor  some  years  In  tlic 
^«.<1  hylrolys.s  ol  sia.Tln  The  rlevelo|„„em  ol  a  process  lor'eon- 


66 


Industrial  fermentations 


tinuous  acid  saccharification  of  grain  mashes  for  fermentation 
purposes  has  been  described  by  Unger  and  Grubb. I'he  alcohol 
yields  obtained  from  the  fermentation  of  mashes  saccharified  by 
this  process  are  invariably  lower  than  from  malt-c onverted  mashes 
unless  organic  nutrient  materials,  such  as  mold  bran  or  Aspergillus 
oryzae  produced  in  submerged  culture,  are  added.^® 

Fungal  Amylases 

The  use  of  mold  preparations,  obtained  by  both  surface  culti¬ 
vation  on  bran  and  in  submerged  culture,  has  been  well  known  in 
the  Orient  and  in  Europe.  However,  recent  studies,  stimulated  in 
part  by  the  shortage  of  malt  during  ^Vorld  War  II,  have  resulted 
in  improvements  in  both  processes.  These  are  described  in  some 
detail  in  Chapter  3  of  Volume  II. 

Mold  Bran.  Hao,  Fulmer,  and  Underkofler"''  investigated 
twenty-seven  mold  strains  and  selected  three  strains  ol  Aspergillus 
oryzae  which  produced  mold  bran  that  resulted  in  good  alcohol 
yields.  The  results  of  plant-scale  trials  of  this  process  have  been 
summarized  by  Underkofler,  Severson,  and  Goering  and  some  of 
their  data  are  jiiesented  in  Table  16.  They  repotted  that  aveiage 
yields  of  alcohol  in  plant  fermentations  were  Z%  higher  with  4% 
mold  bran  as  the  saccharification  agent,  as  comjtared  with  yields 
from  malt-saccharified  mashes. 


Table  10.  RESUL  I'S  OF  PLANT-SCALE  TESTS  WI  EH 

MOLD  BRAN 


Saccharifying 
Number  of  agent  in 

fermentors  lermenlor  mashes 


Saccharifying 
agent  in  yeast- 
culture  mashes 
% 


.•Ir'crrtgc  Alcohol  V  ield 
f)er  Standard  hu 


proof  gal 


wine  gal 
H)<)°  proof 


299 

10  malt 

22 

malt 

4.77 

2.51 

H47 

9-10  malt 

8.6 

malt 

+ 

.5.17 

4.3 

mold 

bran 

6 

4  mold  bran 

8.6 

malt 

+ 

5.24 

2.76 

4.3 

mold 

bran 

12 

9-10  malt 

8.6 

malt 

+ 

5.15 

2.71 

4.3 

mold 

bran 

7 

.S.9-r).2  malt 

+ 

8.6 

malt 

+ 

5.26 

2.77 

2.2-0.9  mold 

bran 

4.3 

mold 

bran 

12 

9-10  malt 

8.6 

malt 

-f 

2.75 

4.3 

mold 

bran 

5.23 

Source:  Underkofler,  Severson,  and  Uoering,  Ind.  Eng.  Chrrn.,  38,  (l.)4h) 

(Reprinted  by  permission). 
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Submerged-Culture  Amylases.  I  he  previously  mentioned, 
Ainylo  process  was  the  original  jnocess  ol  this  type.  Its  disadvantages 
were  growth  in  the  main  lermenior  mash,  increased  steam  con- 
simipdon,  and  relatively  high  plant  investment,  as  compared  with 
recently  developed  processes  which  utilize  grain  stillage  as  the 
growth  medium  and  other  lungi  as  the  cultuies. 

Erb  and  Hildebrandt^"  have  obtained  improved  yields  of  alcohol 
from  granular  wheat  Hour  when  malt  was  partially  replaced  with 
enzymic  material  obtained  by  cultivating  Kitizopiis  stiains  in  a 
niash-stillage  medium.  Ijalankura,  Stewait,  Scall,  «ind  Smith  rc 
ported  on  the  use  of  Aspergillus  oryzae  grown  on  stillage  and  Van 
Laiien  and  Le  Meuse, on  a  process  using  a  strain  of  Aspergillus 
niger.  I’he  latter  organism  has  been  found  to  be  superior  and 
further  work  on  the  jirocess,  both  in  the  laboratory  and  the  pilot 
plant,  has  been  reported.'-^'’  Selected  data  from  these  two  papers 
appear  in  Table  11. 


Table  11.  SUBMERGED  MOLD  CULTURE'  AS  A  STARCH- 
CONVERSION  AGENT  IN  THE  ALCOHOLIC 
FERMENl  A1  ION  OF  GRAIN 


Coiwersion  Agent 
type  Amount 

•Meohol  yield 
proof  gal 
per  bu 

I’lant  efficiency 

% 

Malt 

8%  by  weight  of 

grain 

ilry  basis'* 

5.95 

91.3 

A.  niger 

10%  by  volume 

6.27 

94.0 

A.  niger 

111%  l>y  volume 

6.20 

92.9 

A.  niger 

10%  by  volume 

6.16 

92.3 

A.  niger 

A.  niger 

A.  7iiger 

A.  7iiger 

A.  niger 

A.  niger 

111%  l>y  volume 
10%  by  volume 
10%  by  volume 
10%  by  volume 
10%  by  volume 
10%  by  volume 

as  received  basis'* 

5.03 

5.04 

5.20 

5.00 

4.82 

5.19 

“Aspergillus  niger,  NRRL 

337. 

"  Data  of  Adams,  Balankura,  Andrcasen,  and  Stark. i 

'  Data  of  l.e  Mcnse,  .Sohns,  Corman,  lllom,  \’an  I.ancii,  aiul  I.aiiglykke.^^ 

Ihe  A.  nigei  piocess  makes  possible  asep.tic  operation  by  the 
complete  elimination  of  barley  malt,  is  economically  attractive  as 
compared  with  the  use  of  barley  malt,  and  results  in  4  to  6%  higher 
alcohol  yields.  It  is,  therefore,  (juite  possible  that  the  widesiiread 
industrial  application  of  this  process  will  develoj)  in  ,the  near  future. 
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1  he  quality  ol  beverage-alcohol  distillates  produced  Iroin  coni- 
luercial  trials  was  touiid  to  be  etjual  or  superior  to  those  obtained 
Iroiu  malt-convei  ted  mashes. 

Extensive  commercial-scale  experiments  with  submerged  culture 
of  A.  niger  have  recently  been  reported.^''"  From  these  experimeiUs, 
it  was  estimated  that  a  plant  using  12,000  bu  ol  grain  a  day  could 
save  more  than  .'$1,000  a  day  by  shifting  to  the  new  jnocess.  Con¬ 
version  to  the  fungal  process  was  relatively  simple  and  the  process 
had  no  atlverse  effects  on  the  (juality  of  .the  alcohol  or  by-product 
feeds. 


Continuous  Fernientalion  of  Grain  Mashes 

Research  work  has  been  in  progress  for  several  years  in  an 
effort  to  develop  a  continuous,  fast  fermentation  process  that 
woukl  eliminate  the  necessity  for  the  large  number  of  fermentors 
now  re(|uired.  This  has  l)een  made  difficult  by  the  slow  conversion 
of  residual  dextrins  and  the  contamination  introduced  with  barley 
malt.  I'he  elimination  of  these  two  problems  has  been  responsible 
for  much  of  the  work  on  acid  and  fungal  amylase  saccharification 
of  starch. 

Ruf,  Stark,  Smith  and  Alleiv^"’  have  described  pilot-jilant  trials 
of  a  jnoce.ss  for  the  continuous  fermentation  of  acid-saccharified 
mashes.  I'hey  have  claimed  the  development  of  an  economic 
process.  However,  the  regulations  of  the  Alcohol  l  ax  Ibiit  in  the 
United  States  limit  the  application  of  acid-saccharification  processes 
in  beverage-alcohol  jiroduction  in  this  country.  I'hu.s,  it  is  unlikely 
that  this  process  will  gain  commercial  acceptance  for  .some  time. 

'Ehere  are  many  advantages  inherent  in  a  continuous  fermenta¬ 
tion  proce.s.s  ami  it  is  probable  that  the  continuous  alcoholic  grain 
fermentation  will  become  general  on  solution  of  the  problems  ol 
conversion  rate  and  contamination  from  both  the  technical  and 
governmental  asjjects. 

ALCOHOLIU  FERiMEN  FA  HON  OF  OFHFR 
.S  I  ARCHV  SUliS  I  RA  FFS 

Of  the  many  jio.ssible  starchy  raw  materials,  the  various  grains 
are  the  principal  substaiues  employed  in  the  lermenta.tiou  industiits 
of  the  United  States.  However,  during  recent  years,  potatoes  have 
also  been  used  on  an  industrial  stale  lor  alcohol  fermentation  in 
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ihis  country.  I’hey  have  long  been  a  principal  raw  material  tor 
alcohol  manufacture  in  Europe."'^  In  tropical  countries,  cassava, 
said  to  be  the  cheapest  known  source  ot  starch,  otters  mtich  piomise 
irtul  has  found  industrial  ajjplication  as  a  fermentation  sidjstiate. 

d'he  jnocedures  for  the  production  of  alcohol  from  grains, 
jneviously  outlined  in  this  cha]:)ter,  are  generally  applicable  to  the 
processing  ot  other  starchx  substrates,  such  as  j^otatoes,  sw^et 
potatoes,  and  cassava.  Such  tuber  and  rcjot  crops  ordinarily  have  a 
high  moisture  content  and  sj>c)il  easily.  Therefore,  the  processing 
of  these  crops  must  take  j>lace  jjnomjitly  after  harvesting  or  they  may 
be  dehydrated  loi-  storage  for  later  jjrocessing.  However,  dehytlra- 
tion  is  ordinarily  too  costly  lor  extensive  use. 

Dehydrated  tuber  and  root  crcjjjs  may  be  ground  and  processed 
in  a  similar  manner  to  grains.  The  fresh  crops  recjuire  some 
variation  in  cooking  j:)rocedures,  due  to  their  high  moisture  content. 
Ordinarily,  batch-pressure  cooking  is  used  and  the  Henze  converter 
has  found  much  favor  in  Europe  for  cooking  whole  potatoes.^” 
For  the  continuous  cooking  process,  the  fresh  roots  or  tubers  must 
be  disintegrated  in  suitable  grinders,  with  a  minimum  volume  of 
added  water,  before  cooking. 

Exjjerience  has  shown  that  fungal  amylase  preparations  are 
much  sujjerior  to  malt  for  saccharihcation  of  ])C)tatoes,'°“  sweet 
potatoes, and  cassava. Mashes  of  these  substrates  con¬ 
verted  with  fungal  amylase  are  thinner  and  alcohol  yields  are  better 
than  with  malt-saccharified  mashes.  For  example,  Teixeira,  Andrea- 
sen  and  Kolachov""'^  rejjorted  yields,  per  100  lb  of  dehydrated 
cassava  meal  (as  received  basis),  of  11.6  proof  gallons  with  sub¬ 
merged  culture  of  A.  niger  as  compared  with  9.2  proof  gallons 
with  barley  malt. 
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ALCOHOLIC  FERMENTATION 
OF  MOLASSES 

H.  M.  Hodge  and  F.  iM.  Hildebrandl 


Large-scale  produciion  ol  indusirial  elhyl  alcohol  in  ihe  Llniied 
SLates  began  soon  alter  the  industrial  alcohol  act  ol  1906,  when 
alcohol  used  lor  industrial  purposes  {as  denatured  alcohol)  was 
made  tax  exempt.  Since  that  time,  several  billion  gallons  ol 
industrial  alcohol  have  been  made  Iroin  molasses,  the  most 
economical  source  ol  stigar  lor  the  lermentation  iiKhis.tries  lor  many 
years. 

1  he  various  raw  materials  lor  alcohol  jjroduction  were 
mentioned  in  Chapter  2.  T  ousley  ’"  gives  a  summary  ol  amotmts 
ol  alcohol  produced  and  lists  important  uses  over  a  j)eriod  ol  years 
ujj  to  1941.  Ihe  normal  ])roduction  anti  use  ol  imlustrial  alcohol, 
exclusive  ol  beverage  sjhrits,  in  the  years  preceding  World  War  II 
was  in  the  neighborhood  ol  100  million  gallons  per  year.  The  total 
production  ol  ethyl  alcohol  in  the  United  States  Irom  several  raw 

materials  m  the  most  recent  years  lor  which  figures  are  available  is 
shown  in  I’able  12. 

riie  teclmology  ol  the  yeast  lermentation  ol  molasses  is  simple 
and  well  worked  out.  Lssentially,  the  process  involves  merely 
chh.tion  ol  the  molasses,  inoculation  with  yeast,  lermentation,  and 
distillation.  Problems  ol  processing  and  control  in  the  alcoholic 
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1  ABLE  12.  PRODUC'l  ION  OF  ETHYL  ALCOHOL  liV  LYPES  OF  RAW  MA  FERIAL 
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“Additional  amounts  used  in  condjination  with  other  materials  included  under  “other  mixtures.” 
'’Cellulose  pulp  included  in  “other  mixtures.” 

®  Gross  production;  includes  products  used  in  redistillation. 

Source:  Bureau  of  Internal  Revenue  reports.® 


Alcoholic  hennentalion  of  Molasses 

molasses  fermentation  are  much  simpler  than  in  the  alcoholic  Icr- 
mentation  of  grains.  In  recent  years,  most  attention  has  been  given 
in  the  ethyl  molasses  lernientation  industry  to:  (1)  methods  ol 
obtaining  higher  yields,  (2)  continuous  lermentations,  and  (3)  by¬ 
product  utilization  and  disposal. 

RAW  iM.VlERlALS 


Blackstrap  Molasses 

Blackstrap  molasses,  used  in  ethyl  alcohol  lernientation,  is  a 
by-product  of  the  sugar  industry,  obtained  after  the  sticrose  has 
been  crystallized  and  centrifuged  from  defecated,  ev'aporated  cane 
juice.  The  process  of  evaporation  and  crystallization  is  usually 
repeated  three  times  until  the  invert  sugar,  nonsugar  organic  con¬ 
stituents,  and  high  viscosity  of  the  molasses  will  permit  no  further 
crystallization  of  the  sucrose.  The  residue  is  known  as  final  or 
blackstrap  molasses.  Blackstraji  molasses  is,  therefore,  a  rather 
crude,  comjilex  mixture,  containing  sucrose,  invert  sugar,  salts,  and 
all  of  the  alkali-soluble  nonsugar  ingredients  normally  jiresent  in 
the  defecated  cane  jiuce,  as  well  as  those  formed  during  the  process 
of  sugar  manufacture. 

In  addition  to  sucrose,  glucose,  fructose  and  raffinose,  which  are 
leimentable,  blackstrajr  molasses  also  contains  reducing  sidjstances 
not  feimentable  liy  yeast.  1  hese  copper-reducing,  nonlermentable 
compoiinds  are  mainly  caramels,  Iree  from  nitrogen,  produced  by 
the  heating  necessary  during  sugar  manufacture,  and  melanoidins, 
containing  nitrogen  and  derived  from  condensation  products  ol 
sugars  and  amino  compounds. 

Sattler  ami  Zeiliai,"“-‘=  have  reportcl  on  a  study  ol  the  un- 
fernienlablc  reducing  suhstames  in  molasses.  This  is  of  considerable 
interest  to  the  fermentation  in<h.,slry  since  a  more  complete 
knowledge  of  the  nnlermen.tabics  in  this  important  raw  material 
may  indicate  how  their  amonnt  ran  be  decreased.  The  non¬ 
lermentable  retInring  content  of  molasses  may  be  as  high  as  17% 
m  hlackstrap  ami  as  low  as  5%  in  high-test  molasses.  Sattler  and 
/-erban  reported  that  about  111%  of  the  reducing  power  of  the 
.lonfermemable  suhstances  in  cane  molasses  was  due  to  vola.tile 
mgiedietns,  such  as  hydroxymethyllurlnral,  aceloin,  formic  acid  and 
levulintc  acid,  winch  were  tlecomposition  products  of  the  sugars 


76 


I  )id  list  rial  Ferinetitations 


It  is  obvious  tliat  rcduttion  ot  the  noniciineiital)lc  substances 
would  be  ol  great  economic  importance.  I'he  work  oi  Sattler  and 
Zerl)an  was  carried  out  with  this  particular  application  in  mind. 

1  hey  showed  that  the  unicrmentable  sidjstances  were  formed  largely 
at  the  expense  ol  fructose  which  is  especially  likely  to  undergo 
transformation  to  reducing  compounds  not  available  to  yeast.  If,  for 
instance,  a  concentrated  solution  of  fructose  is  boiled  gently  for  a 
j)eriod  of  16  hours  under  rellux,  a  considerable  fraction  of  the 
sugar  untlergoes  dehydratiem  and  condensation  reactions  that  yield 
nonfermentable  reducing  sid)stances.  Sattler  and  Zerban  showed 
that  the  residting  sid)stance,  formerly  called  “glu.tose,”  is  a  mixture 
of  1  ,S-fructopyranose  anhydride,  its  nonreducing  dimer,  and  dark- 
coloretl  fructose  caramel.  Another  type  of  reaction  resulting  in 
unfermentable  substances  in  condensation  between  both  glucose  and 
fructose  and  the  amino  acids  in  cane  juice.  All  of  these  reactions 
are  accelera.ted  by  heat,  and  the  authors  call  attention  to  the  fact 
that  both  the  high  temperature  used  in  processing  cane  juice  in 
sugar  mills  and  the  subsecjuent  storage  ol  molasses  under  the  hot 
tropical  sun  increase  the  amount  of  nonfermentable  substances. 
Although  some  injury  due  t(j  heat  is  unavoidable  in  the  process 
of  sugar  production,  .there  is  no  cpiestion  that  the  loss  ol  lerment- 
ability  in  molasses  could  be  decreased  by  cooling  the  final  |n'oduct 
before  storage  and  by  avoiding  very  high  sugar  concentrations  in 
such  products  as  high-test  molasses.  Sattler  and  Zerban  lound 
sugars  could  be  regenerated  from  some  ol  the  condensation  products 
by  mild  acid  hydrolysis  and  suggest  this  might  increase  the  alcohol 
yield  in  tlistilleries  operating  on  molasses.  Erb  and  Zerban'’  out¬ 
lined  methods  lor  (akulating  the  j^robable  alcohol  yield  horn 
normal  molasses  and  for  the  detection  of  abnormal  molasses. 

I'he  bulk  of  the  blackstrap  molasses  imported  into  the  United 
States  comes  Iroin  Cad)a,  with  lesser  amounts  originating  in  1  ueito 
Rico  and  the  Dominican  Republic.  On  the  west  coast  of  this 
country,  c onsiderable  amounts  ol  molasses  Irom  Ha\\<ui  aie  Ici- 
mented.  before  Whtrld  War  II.  some  javan  molasses  was  also 
imported.  Ouba  normally  produces  about  175  million  gallons  ol 
blackstraj)  i)er  year,  ryjdcal  blackstraj)  molasses  shows  a  com- 
po.sition  within  the  range:  solids  8.H  to  85%,  sucrose  .HO  to  10%. 
invert  sugar  12  to  18%,  ash  7  to  10%,  and  organic  nonsugars  20  to 
25%.  .About  90%  <jl  the  total  sugars  is  lermen.tal)le  by  yeast. 
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High-test  Molasses 

I'he  so-called  high-test  or  invert  molasses,  used  in  large 
quantities  prior  to  1942  and  again  available  in  1953,  is  obtained  by 
'*dii'ect  evaporation  ol  delecated  cane  juice,  no  attempt  being  made 
to  obtain  crystalline  sucrose.  In  the  manulac.ture  ol  high-test 
molasses,  the  sugar  is  jjartially  inverted  with  mineral  acids  or  by 
means  ol  yeast  having  a  high  invertase  content,  this  inversion  serving 
to  avoid  subsequent  crystallization  t)[  sucrose  during  storage  and 
transport. 

Higl  i-test  molasses  had  its  origin  during  the  depression  years 
(1932-193.3)  when  a  surplus  of  sugar  was  being  jjroduced  and  the 
demand  for  molasses  sugar  was  greater  than  that  produced  by 
blackstrap  alone.  In  1941,  Cuba  produced  331  million  gallons  ol 
high-test  molasses.  Analysis  of  high-test  molasses  shows  a  comj)osi- 
tion  within  the  range:  solids  80  to  85%,  sucrose  15  to  35%,  invert 
sugar  60  to  40%,  ash  2  to  4%,  and  organic  nonsugars  4  to  8%. 
.About  95%  ol  .the  sugars  in  high-test  molasses  is  fermentable  by 
veast. 

j 


FERMENTATION  MECHANISM 


4  he  fermentable  carbohydrates  in  molasses  are  sugars,  prin¬ 
cipally  sucrose  and  invert  sugar.  These  are  directly  fermentable  by 
yeasts.  The  mechanism  by  which  sugars  are  cc^nverted  into  alcohol 
by  yeast  has  been  given  in  Chapter  2. 


CCL  I  URE.S,  THEIR  MAINTENANCE  AND  DEVEl.OPMEN  I 

I  ()  I>E.\N  E  STAGE 

I  he  praei|uisius  »l  a  good  ytast  riilture  lor  alcoliol  prodiirtioii 

IroTii  molasses  are:  (I)  Abiliiy  to  lermein  rapidly  and  elheietiily 

high  sugar  coucentrations,  combined  with  (2)  tolerance  to  high 

tempeiatiires  atid  litgli  nonsugar  solids  concentratiotis.  Tolerance  to 

ugh  temperatures  is  especially  important  in  locatioits  where  cooling 

ptte.  ,s  at  a  preutiuut.  Distillery  yeasts  are  ttsually  strains  ol 

.ytct/utrotuytes  „r,vuu,e  and  are  cotutttouly  tuaitttttined  itt  the 

Wtoratory  on  tttalt  or  utolasses  agar  slattts  and  .translerretl  at 
monthly  intervals.  ai 

Belore  use  in  the  plant,  cultures  are  usually  sticcessivelv 
propagated  in  the  laboratory  in  two  stacms-  /n  '  Tn  . 

‘""‘ainiug  Hill  to  150  tul  ol  12  to  l5%^teriliLd  ,ualt  exli'.ti 
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inecliuni,  and  (2)  in  (i-l  liasks  containing  1  1  sterilized  mash, 
the  sugar  being  supplied  by  malt  extract  and  molasses,  d'his  second 
tlask  is  provided  tvith  a  side  arm  and  suitable  rnbber-hose  and  pipe 
connections  lot  aseptically  transieiiing  the  yeast  to  the  first  jdant 
stage. 

The  (irst  plant  stage,  known  as  the  preseed  stage,  may  have  a 
volume  nj)  .to  clOO  gal.  I’he  mash  lor  this  stage  and  the  tollowing 
seed  stage  consists  entirely  of  sterilized  dilute  molasses  and  inorganic 
nutrients,  il  necessary.  I'he  sugar  concentration  in  these  stages  is 
nsnally  8  to  12%.  The  final  seed  stage  contains  tip  to  1  (),()()()  gal 
of  mash  and  is  used  to  inoculate  the  final  lermentor.  The  final 
fernientors  have  volumes  n}J  to  125,01)0  gal,  although  some  larger 
ves.sels  are  also  in  nse  in  certain  plants.  Tsnally,  an  incjcnlnm  ol 
2  to  4%  by  voltnne  of  active  seed  yeast  is  used  lor  inocnlation  ol 
the  final  fernientors.  While  no  rechiction  in  efficiency  is  noted  if  a 
rather  completely  workecl-ont  seed  is  tisecl,  provided  it  has  been 
cooled,  it  is  nsnally  considered  good  practice  to  tise  the  .seed  yeast 
before  more  than  two-thirds  of  the  sugar  has  been  fermented. 

Considerable  jdant  ecpiipment  and  operating  time  is  saved  by 
the  process  of  “seeding-back,”  which  consists  of  adding  sterilized 
mash  to  a  relatively  large  volume  of  jiartly  lermented  active  piire- 
yeast  ctiltnre.  For  example,  from  a  10,0()()-gal  seed  ves.sel  5,000  gal 
of  yeast  cnltiire  can  be  drawn  off  every  8  hours  and  the  volume 
brought  back  to  the  original  10,000  gal  with  fresh,  .sterilized  and 
cooled  mash.  As  a  rule,  this  [irocess  of  .seeding-back  cannot  be 
continued  longer  than  2  or  .4  clays  without  the  yeast  weakening  and 
suffering  a  corresjKmcling  reduction  in  efficiency  in  the  lermentor 
stage.  At  the  end  of  this  time,  the  seeder  shonlcl  be  .started  fresh 
from  a  laboratory  culture. 

Legg-’'  claims  an  increased  yield  from  molasses,  especially  off- 
grade  molasses,  by  the  use  of  a  mixture  of  grain  and  molasses  yeast 
tyjies  in  the  fermentation. 


FHF  PLAN  r  FFRMFN  F.\  LION  PROPER 


Mash  I’reparalion 


For  the  jilant  mash,  mol 
sugar  concen.tration  ol  1  1  to 
lermentor.  I  his  mash  is  iisna 


a.s.ses  is  dilntcd  with  water  to  give  a 
18%  and  pumped  directly  into  the 
lly  not  sterilized,  although  in  certain 
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cases  it  has  l)eeii  pasteurized  with  a  restiltant  slight  increase  in 
efficiency.  I'he  ierinentor  is  seeded  when  it  is  one-eighth  to  one- 
loiirth  lull  with  a  large  volume  ol  active  yeast  (2  to  4%  of  the 
liTaal  volume)  to  allow  clevelojjuient  of  the  yeast  during  the  entire 
filling  ])eriod,  which  may  amount  to  8  hours,  and  to  avoid  growth 
of  contaminating  organisms  during  this  period.  Figure  19  illustrates 
the  method  ol  filling  fermentors  in  a  molasses  distillery. 


FiGi'RK.  19.  operating  Floor  of  Fermenting  Room  (Ciourtesy-U.  S. 
Industrial  Chemicals,  Inc.,  New  York,  N.  V.) 


Aeiclity 

The  .nash  is  a.ljnslcl  to  a  |,H  ol  I  to  5  witi,  st.lltttic  atitl, 
usually  I  to  2  gal  ol  atitl  being  ret|uiietl  pci  I, (1(1(1  gal  ol  uiasli. 
pi.ough  the  optuuuu,  pH  lor  luaxiuiuu,  clltticnty  varies  with 
le  molasses  usctl  an  initial  pH  ol  1,8  to  fl.d  is  usually  eon- 

<-■  --c  ati.,  may  be  i,,  plate  ol 


INiitrieiits 


clestrable  to  atM  small  tptantUies  ol  ann:: bt^Tait:” 
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inoiiiiini  sullate,  to  the  mash  to  increase  tlie  rate  and  efficiency  ol 
the  fermentation.  In  such  cases,  the  amount  of  ammonium  sulfate 
added  varies  bettveen  0.5  and  .S  lb  per  1,000  gal  of  mash,  depending 
on  the  molasses  usetl,  .the  optimum  amount  being  tletermined  by 
laboratory  test  fermentations.  Additional  ]>hosj)hate  is  rarely 
needed  in  a  blackstra])  molasses  fermentation. 

High-test  molasses  is  more  difficult  to  ferment  than  blackstrap, 
since  it  (ontains  a  smaller  (|uanti,ty  of  yeast  nutrients  and  is  rela¬ 
tively  poorly  buffered.  From  .8  to  0  lb  ol  ammonium  sulfate  per 
1,000  gal  is  retjuired  and  the  addition  of  some  phosphate  is  bene¬ 
ficial.'^  Atjua  ammonia  is  commonly  added  at  intervals  during  the 
fermentation  of  high-test  molasses  to  maintain  a  desirable  j)H  and 
stinudate  the  fermen.tation.  I'he  fermentation  of  high-test  mofasses 
is  greatly  facilitated  if  the  procedure  known  as  “slopjdng-back”  is 
employetl.  Slopj^ing-back  consists  ol  achling  to  the  molasses  mash 
cooled,  dealcoholized  stillage  from  a  previous  fermentation.  ^Vith 
blackstra])  molasses,  an  increased  yield  is  usually  obtained  when 
10  to  20%  of  the  mash  volume  consists  of  stillage  from  a  previous 
fermentation.  When  a  volume  greater  than  .S0%  is  used,  the 
alcohol  yield  is  generally  adversely  affected.  With  high-test  molasses, 
however,  up  to  50%  of  the  mash  volume  may  consist  ot  stillage. 
Under  these  conditions,  the  mash  is  well  bidlered,  yeast  nutiients 
liberated  from  the  ])revious  crop  ol  yeast  during  distillation  become 
available,  and  a  ra])id,  efficient  fermeiUation  is  obtained.  Sloiipmg- 
back  is  employed  extensively  in  jilants  where  slop  must  be  evapo¬ 
rated  before  disposal  since  it  results  in  an  ajipreciable  loweiing  of 
evaporation  costs.  Autolyzed  yeast  has  been  recommended  by 
Owen,-"  Shukla,""  and  blaisten®  as  a  nutrient. 


Fe  r  111  <•  11 1  a  t  i  ( >  11  Te  iii  pe  r  a  I  ii  r  es 

Fcrmentors  are  usually  set  at  a  temperature  between  70'  and 
8()“F,  and  are  held  at  90°  to  92'F  by  the  use  of  water  sprays  on  the 
tank,’  internal  cooling  coils,  or  by  (irculation  ol  the  mash  througdi 
external  coolers.  It  is  desirable  to  maintain  the  temperature  of  the 
mash  below  95°F.  I  he  amount  of  heat  liberated  during  the  let- 
mentation  agrees  with  the  theoretical  value. 

- ,  2(:jIr.OhH- 2(;(b+ Calories. 

Fhe  heat  produced  fiom  a  fermentation  involving  150,000  lb  of 
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sugar  is  .S9,()()(),(H)0Htu.  11  the  rernieniors  aic  not  cooled,  the  tem¬ 
perature  ol  the  mash  will  rise  as  niiuh  as  .S()°r. 

**  Fermeiitalioii  Time 

Fermentation  begins  promptly  alter  the  lermentor  is  filled  and 
is  usually  active  alter  2  to  4  hours.  Fermentation  times  vary  with 
the  molasses  used,  but  a  Cuban  blackstrap  lermentation  is  usually 
comj)lete  in  hoins  while  molasses  Irom  Puerto  Rico  and  java 
recpiire  48  and  72  hours,  respectively.  Alter  lermentation  is  coni- 
j)lete,  the  lermented  mash  known  as  “beer”  and  containing  b  .to 
9%  alcohol  is  pumjK'd  to  a  temj)orary  storage  tank  or  “beer-well” 
prior  to  distillation. 


CONl'AMINAl  ION  PROBLEMS 

The  mash  in  alcoholic  molasses  lermentation  is  usually  not 
steiilized,  the  chiel  delense  against  contaminants  being  the  atljiis.t- 
ment  ol  the  acidity  to  pH  5  or  slightly  below.  Many  contaminants 
will  not  grow  readily  at  such  pH  levels.  The  lermentation  is 
usually  so  vigorous  that  anaerobic  conditions  are  quickly  established 
and  .the  alcohol  produced  tends  to  inhibit  those  lactic  and  butyric' 
organisms  that  do  develop.  Mola.sses  itsell  usually  contains  a 
relatively  small  flora  consisting  ol  spores  ol  molds,  bacteria,  and 
yeasts.  Many  common  species  ol  bacteria  will  not  multiply  to  anv 
extent  m  molasses  mashes  containing  15%  sugars. 

Wlie.i  l>ack-slop|>i„g  is  ciiploycil,  caie  must  lie  lake.,  t„  avoitl 
comauunatiuu  „l  the  u.ash  uiti,  l.acte.ia  l,„n,  stillage  Hues  ami 
(oulets,  mcrustatmus  „u  valves,  tlca.l  etuis,  etc.,  si.ue  t'hese  parts  t,l 
le  ttpupment  <au  Iniiltl  up  residues  a.ul  thus  act  as  loci  ol  iu- 
eettou  l,arl,o,„,g  luuteria  accliu.athed  to  aud  capable  of  grotviug 
"1  uu.lasses  ashes,  (iood  p.actice  consists  of  tiaily  uashh.e  and 
s  emu.ug  all  Utash  atui  stillage  hues  an, I  o.olers.  When  ,t,t 
nse  .these  hnes  a.e  preferably  held  u.uler  steau,  p.essure 

undesirable  iu  those  plants  in  which  the  stdl  ' 

livestock-feetl  iugretliaus.  as 


Oweir*"  has  studied  the  effects  ol  b  irtf, '  i 

dcohni  .  lM(tenal  contaminati 


die  ahohol  eflK  iency  in  niolas.ses  1 


on  on 


fnnentation  and  lonchided  that 


Industrial  I'ermentations 

contaniinaiion  has  a  small  but  demonstrable  ellect  on  alcohol 
yields. 

I  he  yeast  lei  mentation  ol  molasses  is  a  biologically  stable 
process  and  is  not  subject  to  bacteriojihage  or  other  jihage  attacks. 
As  a  matter  ol  interest,  it  has  been  suggested  to  add  bacteriojihages 
to  the  alcohol  lermemation  to  control  contaminants.'^ 

A\.\LV  riCAL  Mi:  rHODS 

Lxtensive  analytical  work  is  involved  in  the  operation  ol  a 
molasses  alcohol  j)lant.  tyj^ical  control  laboratory  in  an  industrial 
alcohol  ])lant  is  shotvii  in  Figure  20. 


Fkuirk  20.  (ioulrol  Laboratory  in  an  Industrial-Alcohol  I  hint 
(Courtesy— U.  S.  Industrial  Chemicals,  Inc.,  New  York, 
N.  Y.) 

Alcohol  yields  are  obtained  by  distillation  ol  a  given  volume  ol 
linished  beer  and  collection  ol  a  clelinite  volume  ol  condensate 
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oil  Avhich  alcoliol  tlctei iiiinatioiis  arc  inatlc  l)y  use  ol  specific- 
gravity  or  relractive-intlex  incasiireinciits.  Sugar  iiijjut  is  tleteriiiinetl 
by  staiidarcl  inethotls  using  Fehling’s  solution.  I'hc  Laiie-Eynon 
volunictric  jjrotctlurc  is  rapid  and  (onvenient  and  is  suitable  lor 
use  in  determining  .the  sugar  in  the  original  mash.  Routine 
laboratory  tests  are  made  to  determine  the  optimum  jjH,  proper 
amount  ol  sloj)-back,  and  optimum  nutrient  atlditions  lor  each 
batch  ol  molasses  segregated  lor  plant  use.  Idiese  small-scale  control 
lermentations  are  a  reliable  guide  to  good  plant  operation.  Little 
or  no  progress  has  been  made  in  controlling  the  lermentation  ol 
molasses  solely  on  the  basis  ol  its  chemical  characteristics. 


FERMENl'Al  ION  YIELDS 


1  he  most  satislactory  basis  lor  expressing  yiekls  is  the  lermenta¬ 
tion  etficiency.  This  figure  is  the  ratio  ol  the  actual  alcohol 
]M-oduced  to  the  amount  to  be  expected  theoretically  on  the  basis  ol 
the  sugar  contained  in  the  molasses.  The  theoretical  production  is 
usually  considered  as  95%  of  the  alcohol  to  be  expected  on  .the  basis 
ol  the  chemical  translormation  ol  sugar  to  alcohol.  This  allows  5% 
of  the  sugar  for  the  production  of  yeast  cells,  and  the  by-jnoducts  of 
lermentation,  such  as  glycerol,  succinic  acid,  etc. 

The  work  originally  done  by  Pasteni'  on  the  products  ol 
alcoholic  fermentation  serves  very  well  as  a  jnactical  guide  for 
setting  the  maximum  yield  obtainable.  He  found  that  the  fermenta¬ 
tion  of  invert  sugar  yielded  the  following  products  expressed  as 
jiercentage  ol  sugar  fermented: 


Ethyl  alcohol 
Carbon  dioxide 
Cdycerol 
Succinic  acid 
Cellulose 


48.-1 

46.fi 

.8.3 

0.6 

1.2 


.Stoidiio.netiically,  <,nc  molecule  ol  a  six-carbon  suear  wouki 
gne  two  umlecules  ol  alcohol  and  two  utolecles  ol  carbtm  tliox  le 
umesponchng  to  51.1%  and  48.9%,  respectively.  The  48  4% 
CO  hoi  O  imnued  ity  l-astenr  in  actual  expel  intents  is  verv  ck.se  m 
.  5%  ol  tl.e  autouut  to  l,e  expected  on  the  Ita.sis  ol  the' cheinic ,1 
I  aiislonuatton  ol  sugar  to  alcohol.  It  may  be  m, ted  that  Patm 
alcohol  yteld  is  obtainable  il  pure  sucrose  Is’atlded  f,,  ';;  ler;:::::;:d 
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aiul  clcak oholi/ccl  molasses  stillage  and  this  solution  is  then  seeded 
with  ^east.  In  ealeulating  the  yield,  the  siurose  must,  ol  course, 
be  expressed  as  the  corresjjonding  invert  sugar. 

•Mtohol  elficicncics  Ironi  blackstrap  molasses,  using  con\’en- 
tional  lermentation  procetlures,  average  Hh  to  90%  when  calculated 
on  the  total  invert  sugar  charged  to  the  lermentor.  This  figure 
v'aiies  with  the  amount  ol  nonlermentable  sugar  present  in  the 
molasses.  An  efficiency  of  95%  is  obtained  from  the  sugar  fermented. 
Wdien  high-test  molasses  is  used,  efficiencies  up  to  9.8  or  91%  on  the 
total  invert  sugar  chargetl  to  the  lermentor  are  Iretjuently  ob.tained. 

I  he  tjuantity  ol  blackstraji  molasses  retjuired  to  produce  1 
gal  ol  190'’  proof  alcohol  \’aries  betiveen  2. .8  and  2.7  gal,  depending 
on  the  sugar  content  and  elhciency  ol  the  fermentation. 

MELD.S  AND  RECOVERY  OE  liV-PR()I)UCri'S 

Fusel  Oil 

riie  high-boiling  fraction  (90°  to  150°(])  obtained  in  the  dis¬ 
tillation  of  fermentation  beers  is  known  as  fusel  oil.  Eusel  oil  from 
molasses  is  a  mixture  of  isojirojni  and  n-propyl,  isobutyl  and 
//-butyl,  isoaniyl  and  d-amyl  alcohols.  Over  50%  of  the  total  fusel 
oil  consists  of  isoamyl  and  d-amyl  alcohols.  .\na lysis  of  fusel  oil 
from  molasses  is  given  by  (acobs, Kumamoto, and  Swenarton.^” 

It  is  well  known  that  ammonium  salts  depress  the  yield  of 
fusel  oil,  since  yeast  j/refcrentially  uses  the  ammonium  ion  directly 
rather  than  deaminating  amino  acitls.  The  use  of  acid  to  adjust 
the  pH  of  the  mash  likewise  decreases  the  fusel  oil  yield.  However, 
the  increase  in  fusel  oil  yield  in  molasses  fermentations  not  ad¬ 
justed  to  the  oj/timum  pH  usually  does  not  compensate  for  the 
reduced  ethyl  alcohol  efficiency  tine  to  fermen.ting  at  an  unsuitahle 
j)H  level. 

(iarbon  Dioxide 

Ciarbon  dioxide  is  available  in  large  tjuantities  as  a  by-product 
of  the  fermentation  industry.  Erom  every  100  lb  of  molasses  sugar 
fermented,  aj/pi oximately  11)  Ib  ol  akohol  and  If  lb  ol  carbon 
dioxide  are  j/rodmed.  dims,  from  a  lermentor  of  125,000  gal 
capacity,  charged  with  25,000  gal  of  molasses,  about  75,000  lb  ol 
carbon  dioxide  is  lormed.  Up  to  80%  of  this  can  be  recovered, 
the  amount  dej/ending  on  the  maiket  condi.tions  and  seasonal 
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cleinaiul  for  rarbon  dioxide  in  llic  solid  lonii  or  in  cylinders  lor 
carbon  a  t  i  ng  beverages. 

(-arbon  dioxide  is  (ollected  li'oni  closed  lennentors  after  a 
vigorous  lerinentation  has  set  in  and  the  dissolved  gases  and  air 
have  been  jnirged  from  the  lennentor.  Idle  gas  at  this  stage  while 
relatively  jmre  (99.5%)  contains  .traces  of  entrained  inolas.ses  solids, 
aldehydes,  alcohol,  and  minute  amounts  of  other  impurities.  1  hese 
aie  lesjionsible  foi  an  odor  whicli  must  be  removed  before  the  gas 
can  be  utdized  to  carbonate  beverages  or  be  jirocessed  into  solid 
carbon  dioxide.  Two  general  ])urilication  methods  are  used:  the 
Ihickus  jirocess’"  and  the  Reich"^  process.  Ihe  Backus  jirocess 
dejiends  primarily  on  a  direct  adsorjition  of  the  impurities,  wliile 
111  the  Reich  process,  .the  imjmrities  are  first  oxidized  and  then 
removed  by  acLsorption  or  alrsorption.  Carbon  dioxide  is  commonly 
purified  as  lollows;  (1)  llie  gas  is  washed  in  a  water  .scrubber  which 
removes  entrained  solids  and  all  but  traces  of  aldehydes  and 
alcohols.  Some  0.5  to  1%  of  the  total  alcohol  producetl  in  the  fer¬ 
mentation  IS  recovered  by  distillation  of  the  carbon  dioxide  wash 

r ''  i-emoved  from  the  gas  by  an  acid  scrubber  con- 
amnig  bb  Baunie  sulfuric  acid  and  .this  is  followed  by  (5)  pas.sage 
Inough  .n  aaivatcd-carlK,,,  i,nve,-  lor  ren.ovai  ol  odol  I  lie 
ouhleso.ne  nnpurities  i„  .solid  carbon  rl.oxi.le  are  odors  originalino 
■on,  d,e  .nolasses  and  lubricating  oils  used  n,  ,be  co,,, lessors” 
C.a  eons  <  a,  bon  tbttxnie  is  contpre.ssed  to  lorn,  lit|ni,l  ctn  l,ot,  tlioxide 


">ay  be  compressed  into  ekes  for 


use  as  “dry  ice.’’ 

CsKS  OF  (cARBON  DiOXIDF. 

Solitl  carbon  dioxide  is  used 

fooiitig  and  shrinking  machine  inns  n't  i'  "  ''S'''' I”' 

dansport  to  make  hiptid  carbon  dioxirle  T  ''‘‘e'' 

“lensively  lo,  carbonatim,  bevera'i.e.s’"'“'r 

gicen  in  the 

Kkiovkrv  CaRBo.N  Dtoxtim 

-  Z  lennentor,  onlv  7,, 

as  l.<|tnd  or  solnl  caibot,  dioxide.-- 
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RESIDUES  AND  WASTES 

Alter  distillation  and  recovery  oT  alcohol  Irom  the  beer,  the 
still  residue,  known  as  stillage,  contains  7  to  10%  solids.  The 
j)rofitable  use  and  disposal  oT  this  residue  is  still  not  coinpleteh 
worked  out  and  is  a  problem  oT  the  industry."'^” 

Wdien  conditions  permit,  the  still  residue  is  run  into  streams. 
ETowever,  it  has  a  very  high  b.o.cl.  (biochemical  oxygen  demand) 
(18,000  to  22,000  ppm),''*’^"  so  that  in  Icxalities  where  stream  pollu¬ 
tion  is  a  Tactor,  clumping  it  in  this  manner  is  prohibited  by  law.  In 
such  cases,  the  residue  must  be  clisj)osecl  oT  by  other  methods.  I'he 
analvtical  breakdown  oi  a  typical  stillage  on  a  dry  basis  is  given  in 
I'abie  18. 


Table  18.  ANALYSIS  OF  DRIED-MOL.\SSES  RESIDUE 


Ingredients 

% 

iMineral  matter 

Sugars  (copper  reducing  substances) 

IMoteins 

X’olatile  acids 
(dims 

(.omlkined  lactic  acid 

Other  comliined  organic  acids 
(dycerol 

Wax,  phenolic  bodies,  lignin,  glucosides,  etc. 

28.5-29.6 

10.0  -  12.0 
8.0-  10.0 

1.0-  2.0 
20.0-22.0 
4.0-  5.0 
1.0-  2.0 
5.0-  ().0 
220-  12.0 

The  two  major  uses  .to  which  the  still  residues  have  been  i)ut 
arc:  (I)  livestock  ieecl,  a.ici  (2)  sociec  of  leilili/ei  ingreclieius. 


IISK  OK  .\I01..\.S.S1:S  RKSinl'K  .\.S  INORKDIKN  I  IN 

IdVTvST OCR  FEEDS 


k'or  use  in  stock  Teecls,  the  dilute  molasses  residue  is  evai^oratecl 
vac.t.nt  evaporators  to  15  to  .5(1%  .solids.  .M  this  cotucnlral.on, 
the  evaporatetl  resitit.e  will  keep  and  is  not  too  viscons  to  handle. 
It  ha,s  heet,  nsed  in  large  eptantities  in  the  |>ast  lew  years  as  a 
molasses  snhstitiite  in  stork  leeds,  primarily  lor  ralioiis  loi  emy 
cattle.  .\  typical  analysis  of  evaporalcd  molas,ses  residue  is  piescnttc 

*Evaporated  molasses  lei iiieiitatioii  residue,  roiitainiiig  all  the 
growth  fac  tors  iiresen.  in  ^yeast  aiU 

Irato'erterlivc* -IS  an‘  antllt islii'S  agent  in  feed  mixing  and  handling. 
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Table  ]4.  ANALYI  ICAL  FIGURES  ON  EVAPORAl'ED- 

MOLASSES  RESIDUE 


AXAl.YSIS,  HET  BASIS 


^  Moistuic 
Solids 
I’roteiii 
Ash 
(.Lillis 

Sugars  (copjicr-rediitiiig  suhstaiiccs) 

(dvcerol 
Lactic  acid 
Fat 
Filler 

Wax,  lignin,  glucosides,  phenolic  bodies,  organic  acids, 

ASH  AX  A  LYSIS,  UET  BASIS 
Silica 
I  roll 

Ahiiiiimtm 

Lalciiiiii 

Magnesium 

Sulfur 

J’hosphorus 

Sodium 

I’otassium 

(dilorine 

Manganese 

Iodine 

(dipper 


etc. 


1 1 1  AM  IX  AX  A  LYSIS,  ET  BASIS 


Aicotniic  aci<l 
I’yridoxine 
I’antothenic  at  id 
'  liiotin 
Folic  acid 
K.iliofla\  in 


tlu 


Inn-  g 


21 

do 

•do 

1.') 

O.d 

8 


54.67 
45.d3 
6.95 
l().9d 
10.40 
5. do 
2.60 
2.70 
0.00 
O.dO 
6.15 


% 

0.4 

0.08 

0.09 

1.4 

0.7 

1.4 

O.d 

0.5 

d.4 

l.d 

0.002 

0.0014 

0.017 


mg  per  lb 


9.53 

ld.(i2 

17.71 

0.(i8 

0.135 

d.tid 


•x^ing  about  equal  to  niolasse.s  iu  this  resoert  li  i 
supjjleiiient  molasses  in  mixed  leeds  m- 
«iu,  nmlasscs,  consiclenition  be 

conteiu  and  the  levels  nsr^i  t  i  i  ^  ^  ^  "  8*^  mineral 

elfects  bcc..n.e  evb  et  li  ,  '"  ^  ■•'-•uvc 

residue  has  been  t  v  I  - ^  ^''»l«rated  ,uo|asses 

rations.  '  '  '<>"■  levels  in  pouli.y 

wse  in  loitndrv  corrbinden  residues  have  found 

oiiKitis  and  in  briquet  binders.=^'‘ 
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L'se  of  Molasses  Residues  as  Fertilizer 

Molasses  residues  eontain  eonsideral)le  (juaniities  ol  }K)tash 
salts,  nitrogen  eoinj^ounds,  and  small  tjuaiuities  oi  phosj)hates.  d’hc 
dilute  residue  can  be  applied  directly  to  the  soil  with  beneficial 
ettects.  However,  the  low  unit  value  and  high  transportation  cost 
|)reducle  any  large-scale  direct  use  ol  this  residue  as  a  liquid 
lertili/.er.  Diaz  d’Aree*'’  has  described  a  process  which  involves 
biologically  reducing  the  b.o.cl.  and  using  the  dilute  slop  in 
irrigation  water.  For  many  years  (1919-19-10),  large  cpiantities  ol 
evaporated  molasses  residues  were  burned  ior  their  jiotash  values 
at  one  large  eastern  distillery.'^  This  subject  is  also  discussed  by 
Owen.^’''"'  Wbth  the  development  oi  a  domestic  potash  industry 
and  ialling  potash  prices,  the  process  has  become  obsolete  since  the 
values  obtained  no  longer  pay  the  evaporation  costs. 

Reich'"'’-"'""  has  obtained  patents  on  a  process  in  which  the 
e\'aporated  slojj  is  neutralized  with  potassium  caibonate,  chied,  tincl 
carbonized  at  high  temperatures.  Alter  the  char  is  washed,  an 
activated  carbon  having  high  decolorizing  proj^erties  is  said  to  be 
obtained.  Potash  and  tar  are  by-products  oi  this  process.  No 
in-oduction  figures  or  costs  have  appeared  in  the  literature  on  this 

process. 

MINOR  VARI.VT  IONS  OF  d  HE  FFRMFNTAI  ION  PROCESS 


CoiilinuouH  Processes 

Since  a  continuous  iernientation  process  would  allow  the  use  ()1 
smaller  iermentors  and  supplementary  ecjuipment  m  a  distilleiy,  it 

has  long  been  ol  interest  to  the  inclustiy. 

(;„'minu(>iis  Icnnenuui.in  incllioils  Ikivc  lu-en  nswl  siuccsskilly 
cm  waslf  siiKitc  li(|ic<>i  in  Kimipe.  In  ■'lixncl  ycasl"  mellicKls,  ihc 
veast  cells  are  sn|.|mite.l  nn  chips,  clc.,  ihc  licpinr  ll.mms  "P 
llnoueh  ihe  bed  and  nnc  the  tn|t  d  the  rennemni.  In  the  bollo.n 
veasf'  methnd.  yeast  lell  a,t  the  hnttnni  nl  the  lennentnis  ts  used  ni 
seed  inccmiins  mash.  Several  Iermentors  are  olten  contiected  in 

'‘""since  snll.te  li<|nors  are  sterile  and  even  antiseptic,  enntinuons 
lernienlatinn  is  pn.ssihle  and  desirable  with  sin  h  a  stihstrate.  W  it  i 
more  readily  lernientahlc  substances,  snch  as  incilasses,  any  tern- 
taiiiination  is  cnninlative  and  soon  spreads  thrmighont  the  syslcni. 
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rctlucing  yields.  A  coiuiiuious  Ici  inenlation  sc  Jicine,  inv(jlving  a 
sciies  ()l  lanks  in  wiiicli  the  iiiasJt  overflows  Ironi  one  tank  to 
another,  has  been  tried  on  a  jjiant  scale  and  in  the  past  has  given 
^)ooi  lesnlts.  Interest  in  this  scheme  has  recently  been  revived  by 
•Al/ola.  Owen  desciibed  a  laboratory  apparatus  involving  down 
How  ol  the  mash  through  a  series  ol  decks.  A  second  method  oi  con¬ 
tinuous  lermentation  involves  tJie  use  ol  one  heavily  seeded  ler- 
mentor  provided  with  continuous  feed  and  draw-off  systems.  Short 
feinieiuation  times  are  invoivcd.  Siirli  a  system  was  desciibed  Ijy 
Mtlloiil,  Scali,  Stalk,  ami  Koiacliov.’.  Tiiese  autliors  gave  tile 
results  ol  laboratory-scale  coiuimiotis  lermeiitatioiis  ol  molasses 
with  rtms  ol  t,|i  to  a  31-1, ottr  dttration.  They  lotmd  that  mechanical 
or  carbon  ,i, oxide  agitation  ol  the  lermenting  mash  was  essential 
and  that  the  optmitim  tlnoiigh-|,iit  rate  was  between  19  and  ‘>5% 
ol  the  masly  ohime  per  hotir.  A  similar  process  has  been  tiescribetl 
)y  Blais.ten  m  which  molasses  mash,  containing  12%  sugar  was 
.oanuained  at  a  pH  ol  4  to  5  with  aiiimonitim  hydroxide  mui  the 
yeast  tottiu  kept  above  5(lh  million  per  milliliter.  Atttolyred  yeast 

hill  1"  '  '’"'"“V""'  *>onng  was  employed. 

A  high  eth  lency  was  claimed  w„h  a  15%  hourly  draw-„H 

cccntly  Adams  and  Hungate,"’  described  a  method  for  ore 

ft  ling  tycle  times  lor  comintiotis  lermentations.  1  he  cycle  tine  ts 

•r  ^  ^  ^<^ntinu()us  Icrnieniation  rvrl#^  if 

^ 

drawn,  by  the  slope  of  the  tangent  TJ  tangent  was 

^'11  "ictha  tested  except  thole  dvit'h  td’*' 

Karsch-  has  iiatenteil  ,  ""'ntional  ticficiency. 

-  .'cparatetl  Ironi  the  beer  ‘'’<=  Veast 

Icrmentcd.  No  data  on  large  scale  , 

'"olasses  are  available'  in  the  hwllm'r 

Tlie  llsiiies  ,1,.  Melle  Process 

oNKlemyon  "iolas,ses,  the  alcohol 


90 


In  dusty  id  I  reruien  talions 


reniientcd  is  utili/.c'd  in  die  pioductioii  oi  yeast-eell  protoplasm  and 
is,  therefore,  not  available  lor  alcohol  lernientation.  1  he  loss  is 


said  to  be  avoided  by  the  Melle  process'*  which  consists  essentially 
in  centrilnging  out  the  yeast  alter  the  lernientation  is  complete  and 
reusing  the  same  yeast  in  the  next  lernientation  cycle.  In  the  normal 
alcoholic  lernientation,  the  yeast  pojmlation  is  50  to  (lO  million 
cells  per  milliliter,  although  higher  counts  arc  Ireijuently  lotind, 
especially  if  large  seedings  are  used,  liy  reusing  the  yeast,  it  is 
claimed  for  the  ^lelle  process  that  the  cellulai  satuiation  point 
of  the  solution”  is  established  at  once  anti  all  the  leinientable  sugai 
is  then  available  for  alcohol  production.  In  coninieici»d  pmctice, 
the  problem  of  contamination  in  the  Melle  process  is  taken  care  of 
in  tivo  ivays;  (1)  1  he  bacterial  contaminations  in  the  beei,  being 
lighter  than  yeast,  are  to  some  extent  concentrated  in  the  centiiluge 
efllucnt  anti  fewer  bacteria  remain  in  the  reused  yeast  slurry.  (2) 


I'he  centrifuged  yeast  is  freed  of  bacteria  by  washing  with  lour  ni 
five  times  its  volume  of  water,  anti  holding  at  pH  2  for  4  hours  in 

the  jiresence  tif  carbon  dioxide.^® 

L.agomasino"^”  described  the  Mclle-Boinot  alcoholic  fermenta¬ 
tion  niethtid  in  some  detail.  Formation  of  new  yeast  cells  at  the 
expense  of  sugar  was  avoided  almost  completely  and  alcohol  yieltls 
as  high  as  97%  of  theoretical  were  obtained.  1  he  yeast  was 
separated  frtmi  the  fermented  beers  before  distillation  anti  im¬ 
mediately  reused.  Advantages  claimed  for  the  process  are;  Beers 
containing  9  to  10%  alcohol  are  obtained.  The  use  of  sugar  tor 
yeast  production  is  largely  eliminated.  Fermentation  time  is 
reduced  to  to  18  hours.  Rapid  alcohol  lormation  inhibits  the 
grtiwth  of  foreign  organisms.  A  higher  degree  of  cleanliness  is 
maintained  in  tlie  still  a.ul  “vat  lees”  are  nnticcal,  y  rednccd. 
\l)ont  611%  of  the  stillage  can  be  used  lor  ddut.ng  the  molasses 
lor  fermentation  while  the  remainder,  low  in  organic  matter,  olters 


less  of  a  disjiosal  problem.  , 

The  Melle  process  has  been  successfully  uset  in  o\ei  oi 

Imiulrcd  foreign  distilleries  and  in  snirite-li<|nor  |dants  here  an 

abroad,  ft  has  not  been  nsed  in  the  United  .States  ni  the  inolasse  ■ 

fermentation  indnstry  because  economic  conditions  have 

such  as  to  justify  the  cost  of  operation  ol  the  centriluges  necessary 

to  handle  the  large  volume  of  mash  involved.  ,\ls,. 

use  of  centrifuges  retpiires  some  preliminary  clariliration 

molasses  which  has  not  been  economically  practicable. 
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Tlie  Two-Stage  Process 

Anotlicr  solution  to  the  jJiobleni  ol  obtaining  the  yeast  neces- 
^  saiy  for  the  lernientation  at  a  small  charge  is  found  in  the  two-stage 
process  of  Hildebrandt  and  Erbd^  '«  This  process  is  based  on  the 
observation  that  molasses  distillery  stillage  contains  stifficient  stigar, 
derived  by  hydrolysis  of  unlernientables  during  disliihuion,  to 
deve]o|j  a  good  yeast  crop  when  grown  aerobically.  Under  itieal 
conditions  of  aeration  and  agitation,  21)0  to  400  miilion  yeast  cells 
per  milliliter  can  be  developed  in  distillery  stillage,  but  under  actual 
plant  condinons  in  normal  molasses  lerinenta lions,  about  50  million 
ce  Is  per  millilitei  are  obtttined.  .After  a  yeast  croj)  is  grown  on 
stillage,  molasses  is  mixed  with  the  pregrown  yeast  anti  the  alcoholic 
leimentation  proper  is  allowed  to  pioceed  in  the  secontl  sltige  tnnler 
anaerobic  conditions.  In  this  way,  the  advantages  of  a  costdtee  pre- 

Orceiutlfin'  "ti  "“''“‘d  tiny  capital  investment 

centtiluges.  I  he  twt, -stage  method  of  lernientation  is  especially 

advantageous  in  those  plants  where  the  disposal  of  residues 

problem,  since  the  rate  of  slo,tping-back  can  be  ittcaeased  and 

evapoiation  costs  reduced  by  using  this  process.  The  process  is  also 

'.art  rLs  can  b^t'slh"®  '"S'' 

Proeesses  for  Kermeming  Higii-Concenlration  Masl.es 

gave  alcohol  <o,uentmtilmw!r  pf'of  wl'ich 

beers.  Jn  two  distilleries  in  i  i  T  ,  meuted-molasses 

‘I'is  yeast  resulted  in  5(1%  reduction'  in^osn'”"' 

alcolio? Zn  IngZoZmr'nir'''^^^ 

Mtis  protess^o  to  danned  tin.*: 

lesult.ng  in  a  (orresponding  imiease  in  m'oT 
"'volves  adtiition  of  proper  n t  m  ,  '  ,  '  Procedure 

ralc.nm  superphosphate  to  a  tltick 'm  ”  ''(llale  and 

of  .55  to  (id*  and  heating  this  mash  t  i  i'  '  <'onsity 

■<■5  <o  5.2.  During,  .hit  ZiT'  a  pH  of 

occurs  and  the  intp.nities  of  .lie  't’ith'k  ' 

(lie  settling  tank.  44, e  sediment  b  ,  '“se  of 

^>nx  density  oi  20  to  ‘>‘^0  ..  tlie  niasli  diluted  to  a 

-'p'oyi..g  10 .0 ,5% v:;:,:,,  rtr;:::;  ::z'r‘ 

yeast  tnocnlum.  f  he  total 
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mash  is  introduced  into  the  iennentor  in  three  increments,  fer¬ 
mentation  time  being  30  to  3()  hours.  Depending  on  the  tjuality  of 
the  blackstrap  molasses  employed,  the  fermented  beers  had  alcohol 
concentrations  in  the  range  of  10  to  1.3.5%  by  volume.  No  data 
tvere  given  as  to  the  efficiency  of  carbohydrate  conversion. 

Ovven^'*  studieef  the  Arroyo  process  and  found  that  the  clarified 
mash  fermented  more  slowly,  but  gave  higher  alcohol  efficiency  than 
eitlier  the  sfutlge  or  untreated  molasses.  He  attributed  the  slower 
fermentation  of  the  clarified  mash  to  removal  of  colloids  which  tend 
to  accelerate  fermentation.  I'he  Reiclv*®’^-  process  of  clarification 
was  not  investigated  by  Owen,  hut  may  be  expected  to  give  similar 
results.  The  Reich  process  consists  of  heating  molasses  solutions 
of  25  to  60°  Brix  to  about  70°C1  after  addition  of  sulfuric  acid  to  a 
pH  of  .3  to  (i. 


COMPETfTfVE  PROCESSES  EOR  ALCXiHOL 
MANUFACTURE 

Industrial  alcohol  can  also  be  made  by  fermenting  starchy 
materials,  such  as  potatoes,  grains,  cassava,  etc.,  wood  hydiolyzates 
and  sulfite  waste  liquors.  1  hese  processes  are  discussed  in  Chapteis 
2,  4  and  5  of  this  book.  Alcohol  is  also  produced  synthetically  from 
ethylene,  derived  principally  Irom  petroleum-refinery  waste  gases, 
by  the  way  of  ethyl  hydrogen  sidfate,  and  from  carbon  monoxide 
and  hydrogen,  derived  from  natural  gas  or  coal  by  means  ol 

hydrocarbon  synthesis  methods. 

l>roduction  of  synthetic  alcohol  from  ethylene  has  more  than 
tripled  in  the  last  decade  due  to  increased  demand  during  the 
\Vh)rld  Whir  11  emergency  and  the  prevailing  high  price  of  molasses 
sugar,  so  that  the  present  synthetic-alcohol  industry  can  sujiply  well 
over  half  of  the  normal  demand.  Since  the  cost  of  alcohol  from 
ethylene  is  probably  under  20  cents  i>er  gallon,®"  it  would  be  neces¬ 
sary  for  the  price  of  molasses  to  fall  to  3.5  to  1  cents  per  gallon  to 
render  the  fermentation  industry  truly  competitive.  It  remains  to 
be  seen  how  the  synthetic  and  fermentation  industries  will  ailjust 
themselves  to  this  economic  situation.  Since  the  potential  raw 
materials  for  the  fermentation  process  are,  under  normal  conditions, 
by-in-oducts,  it  is  likely  that  a  portion  of  the  alcohol  used  mdiistria  y 
will  continue  to  be  made  by  fermentation  in  spite  oi  the  present 
unfavorable  economic  situation.  An  interesting  survey  ol  eiirrent 
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trends  in  industrial  alcohol  production,  uses,  jjrices,  j^rocesses,  and 
raw  materials  has  recently  appeared.^” 
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CHAPTER  4 


ALCOHOLIC  FERMENTATION 
OF  SULFITE  WASTE  LIQUOR 

Joseph  L.  McCarthy 


^  Siclfue  wasle  Ik,!, or,  so.netiii.es  called  •‘waste  sulfite  liquor," 
sulfite  iKIiior,”  or  ‘■sulfite  sirent  liquor,"  is  the  aqueous  eHluent 

veood  XI  -  'i  “  "'‘■>'“'‘‘'“'"■">8  cellulose  or  pulji  Iron, 

woo  I.  1  lus  I, quo.  couta.us  sugars  and  industrial  production  of  ethvl 

Icohol  hy  lernientatiou  of  so.ue  of  these  sugars  has  I.eeu  co.r- 
t  cted  lo,  niauy  years  on  a  considerable  scale  in  Northern  Europe 
ee  inajoi  jdaiits  ale  now  oj, elating  i„  North  America. 

' 'tc  Pidpuig  process,  introduced  about  18(17  apnare.ulv 

independeinly  by  H.  c.  'rilphni-.n  C'  n  n.  .  appaicnlly 

lirh  It  I  II  ^  c  ,  .  Pknian,  and  A.  Miischer- 

,S  onduc.ed  by  treating  chips  of  .rood  a.  elevated  tem 

.l..r.eacinn.  inlr:^  2Snes.uu,,  sodium,  or  amnioniuni.  Du.  hig 

into  solution  and  fibrous  wxoTcdhdm  'nought 

behind  which  can  be  senarated  in, I  I  l  ..'T  ?'  'dl 

coni,  explosives,  and  otllc'r  uses  '  l  l,  * 

contains  organic  substances  ‘77 

-n-.e;SS’::a::;:::  r- 

"as  long  been  sought  for  econoinirami'  c:::.t::;:mn°‘r:^,;:‘‘:.:; 
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because,  it  clischargecl  into  water  courses,  it  may  cause  (lej)letioii  in 
dissolved  oxygen  and  tluis  interterence  with  acjuatic  lite. 

The  utili/ation  ot  sugars  iu  sulfite  waste  licjuor  by  tennenta- 
tion  to  produce  alcohol  was  api)arently  hist  jjroj)osecl  and  patented 
about  1878  by  A.  Mitscherlich."'^  However,  it  was  not  until  al)out 
1907  in  Sweden  tliat  the  hrst  exj)eriinental  plants  were  huilt,  one 
tinder  the  supervision  ol  P.  G.  Ekstrdin  at  Skutskar  and  the  other 
under  |.  H.  Wallin  at  Koppnianhcilmend””'’  I'he  Wallin  ])lant  was 
closed  the  tollowing  year,  but  in  1909  the  alcohol  plant  at  Sktitskar 
was  expanded  to  jjiocess  the  entire  sullite  waste  licjuor  produced 
b'y  the  mill. 

Glementsoid"  has  described  the  ste))s  ol  the  Ekstrdin  piocess 
cvhich  may  be  summari/.ed  as  lollows:  (1)  collecting  hot  siilhte 
waste  licjuor  Iroin  the  digesters;  (2)  neutrali/ing  the  licpior  with 
limestone  and  stirring  with  steam;  (.S)  settling  sediment  trom  the 
licjtior  at  158°  to  175°F;  (9)  cooling  the  licpior  in  a  tower  to  about 
8()°F;  (5)  adding  yeast  and  nutrients,  such  as  ammonium  sullate, 
superi^hosphate  or  idiosphoric  acid;  (h)  lermenting  the  liquor  in 
tanks;  (7)  degassing  carbon  dioxide  from  the  leiinented  licpioi 
which  contains  about  \%  alcohol  by  volume;  and  (8)  distilling  to 
recover  alcohol  at  about  95%  concentration.  For  a  mill  manutac- 
turing  20,900  tons  ol  stillite  pidp  a  year,  with  recovery  ol  1,455 
gal  ol  sulfite  waste  liquor  per  ton  ol  pulp  produced,  (dementson 
in  1921  estimated  a  yield  ol  about  11  gal  ol  95%  ethyl  alcohol  per 
1,000  gal  ol  waste  licpior  handled,  or  about  Ki  gal  ol  alcohol  pei 
urn  ol^pulp  maiiulactured,  and  a  total  cost  ol  21.1^  per  gallon  ol 
ethyl  alcohol  produced. 

based  on  the  sticcess  ol  the  Skutskar  operation,  the  Ethy 
Gompany,  with  the  patents  ol  FkstKim,  promoted  the  establishment 
cl  new  plants  at  Kvarnsveclen  and  liergvik  in  191  1,  then  at  Gotha  m 
191(1.  Six  additional  jilants  were  put  up  in  1918,  another  six  in 
P)19,  and  five  more  in  1920,  to  make  a  total  ol  twenty-one  plants 
established  in  Sweden  by  1921  and  capable  ol  producing  annually 
some  5,500,000  gal  ol  95%  ethyl  alcohol.  A  lew  jilants  were  set  up 
in  other  countries.  However,  lurther  growth  ol  the  industry  has 
been  lairly  slow  lor  economic  and  political  reasons  which  have 

been  well  summari/ed  by  Hansen.' 

The  1-ksciom  i.KKCss  was  also  usc.l  in  ll.c  United  States  in  a 
lull-scale  alcohol  |ilanl  liuilt  in  KM  I  hy  the  West  \'i,sin,a  l•ul|)  and 
l-aper  Company  at  Mechanicsville,  Nctv  loik.  Howeve 
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tliis  jjiant  did  not  proNc  to  be  profital^Ie,  with  a  market  piiee  ol  50^'' 
per  gallon  ol  alcohol,'”’  and  the  jdant  Avas  ojjerated  only  inter¬ 
mittently  over  about  25  years,  sometimes  with  imdasses  added  to  the 
^nlfite  licjiior.  A  modilied  process  was  evolved  by  C.  xMarchand""' 
and  studied  in  1915  on  a  small  pilot  scale  at  the  Oregon  Oity, 
Oregon,  jjlant  ol  the  Crown  Willamette  Paper  Comjjany;''"’  the 
process  was  lurther  tested  in  1916  in  an  exj^erimental  phuit  <^1  the 
Kimljcrly-Clark  (ioiporation  at  Kimberly,  AVisconsin,  but  lull-scale 
production  tvas  not  undertaken.'”  Experimental  study  oi  the 
McKee  process”  '””  was  conducted  about  1920  by  the  Hammermill 
I  apei  Company  at  Erie,  Pennsylvania,  kurther  major  developments 
did  not  take  jdace  until  during  or  alter  ^Vorld  AV^ar  II. 


ORIGIN  AND  CEEARACTERI8  EICS  OF  SULFITE  \VAS'I  E 
LIQUOR  SUGxARS  .\ND  RELATED  SUBSTANCES 

The  Carhohytlrate  Components  of  Wood 

l»"Ki|«lly  of  about  50%  cellulose,  some 
-5%  bgmns,  aud  around  25%  ol  a  not  very  tvell  definetl  groutt  ol 
taibohyt  rates,  called  hemicel  lit  loses,  ivliich  bydiolyre  and  ilissolve 
dining  the  sulfite  pulping  process  to  yield  most  or  ail  the  sugars 
■n  siillite  ivaste  lupior  vvliicli  can  be  (ermciited  to  alcohol.  InvesUga- 
.oirs  o  the  iiature  ami  yield  of  the  sugars  obtained  by  total  and 
ait  al  lyiirolysis  ol  wood  have  shown  that  liemicelluioses  are  built 

fructose'"  'T'T  .galactose,  and  perhaps 

ir^alV'";  ,  r  '"'i'"”'’  aralmiose.-'  (,S  e 

firctlse  "i"""  ®  >  glocose, 

,  am  pel  haps  galactose  are  lermentable  by  yeasts  T  he 

in  Iv.i.b  I  %  >1  peiitos.ms  coni|)arcd  with  ahoiit  ‘H)% 

liquors  front  I  r  j;  "■''■lo 

ror, hops, s  fodder 

•SeTi':!,;" a™i.s  as  weu'as  mi  he:ir'’r;:: 

from  a  soltwomrs'i'i'l'C  waste  'litu'im 'l"-'  T'''"’’ 

composition  of  wo, Hi  to  he  arouiid'dtr'm  50 

pidp  jiroduccd  (.see  Table  15)  sulliie 
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Table  15.  REPORTED  YIELDS  OF  95%  ETHYL  ALCOHOL 
FROM  SULFITE  WASTE  LIQUORS 

Yield  for  Various  Types  of  Pulp 
Strong  Easy  \’iscose  Fodder 

l)leaching  Literature 

('.oiulition  or  plant  U.  S.  gallons  per  ton  of  air-dry  pulp  reference 


1  heoretical  yield 

43.3 

47.2 

- - 

— 

24 

I  heoretical  yield 

— 

48.1 

— 

— 

77 

I  heoretical  yield 

40.4 

43.0 

- - 

— 

191 

.\\erage,  no  washing 

8.8 

— 

17.7 

— 

77 

A\erage  for  .Sweden 

— 

10.8 

— 

— 

191 

Average  for  Germanv 

9.6 

12.0 

— 

— 

115 

Average,  good  washing 

11.3 

— 

20.2 

— 

77 

(.ood  operation 

16.9 

19.6 

— 

— 

111 

Ik'st  in  Sweden,  1939 

— 

— 

— 

26.3 

111 

Lwo-stage  pulping 

— 

— 

21.5 

— 

1 1 

Lwo-stage  claim 

— 

27.8 

— 

32.8 

77 

Bergson’s  system 

19.2 

28.8 

— 

— 

24 

Bergson’s  maximum  result 

— 

— 

39.6 

42.0 

24 

Ontario  Paper  Co.  plant 

16.6 

— 

— 

— 

176 

Puget  .Sound  P.  T.  Co.  plant 

— 

22.0 

— 

— 

62 

Commercial  .Ale.  Ltd.  plant* 

— 

(24.4) 

— 

— 

6 

“  Yield  from  Commercial  Alcohol  Ltd.  plant  is  estimated  from  reported  design 
capacity  of  alcohol  plant  at  9,000  gal  per  day  and  daily  production  of  365  tons 
of  sulfite  pulp. 


Source:  Data  tabulated  by  HansonO'^  except  for  the  last  three  items. 

Some  Aspects  of  the  Chemistry  of  Sulfite  Pulping 

Sulfite  pulping  is  usually  contluctetl  at  130°  to  140°C  for  6  to 
12  hours  with  an  aqueous  solution  of  sulfurous  acid  containing 
calciuni  ions  in  such  proportions  as  to  provide  around  5  to  7% 
“free  sulfur  dioxide’’  and  1  %  “combined  sulfur  dioxide.’’  By  using 
increasingly  intense  conditions  for  delignification  and  hemicellulose 
removal,  several  different  tyjjes  of  sulfite  pidp  can  be  produced  lor 
particular  jiurposes,  e.g.,  lor  jjapers,  rayons,  or  fodder.  Correspond¬ 
ingly  different  sulfite  waste  litjuors  result.  The  leaction  is  caiiied 
out  batch-wise  in  large,  acid-resistant,  brick-lined  vessels  oi  digestcis 
charged  with  wood  chips  and  solution  in  the  ratio  of  about  1:4  or 
!:5.  The  tligesters  are  heated  directly  or  indirectly  by  steam.*®'' 
Under  these  conditions,  a  complex  series  ol  reactions  takes 
place  between  wood  constituents  and  sidfite  l)nlping  liquors.  The 
nature  of  the.se  reactions  has  been  largely  clarified  by  the  impojaant 
contributions  of  the  Swedish  investigators,  Erik  Hagglund,®®  H. 
Erdtman,®*  and  many  others.®®-**®  *®''^°«-^'"  Although  incompletely 
understood,  a  likely  course  of  the  reactions  is  as  follows:  (1)  The 
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acidic  reagent  hydrolyzes  chemical  linkages  between  lignin  molecules 
and/or  carbohydrates,  but  does  not  bring  about  extensive  hydrolysis 
ol  the  more  resistant  cellulose  which  is  thus  preserved  in  a  fdjrous 
Nstate  to  be  recovered  as  wood  jjulp;  (2)  the  reagent  brings  about 
sulfonation  ol  lignin  which  becomes  soluble  in  water  and,  alter 
hydrolysis,  is  dissolved;  (3)  the  reagent  provides  calcium  or  another 
l)asic  ion  lor  bullering  or  neutralizing  the  strong  lignin  sullonic 
acids  as  they  are  lormed  and  thus  avoids  undesirable  cellulose 
degradation;  (^)  the  acidic  reagent  hydrolyzes  hemicelluloses  mostly 
into  monomeric  sugars  some  ol  which  are  lermentable;  (5) 
Hagglund«‘»  suggests  that  the  reagent,  jjrobably  because  ol  the 
piesence  ol  bisulfite  ions,  converts  some  monomeric  sugars  Irom 

aldoses  to  aldose  bisullite  addition  compounds  and  to  sullonic  and 
aldonic  acids. 


Tlie  kinetics  of  iicklic  hydrolysis  ol  heniicelluloses  have  not  yet 
Iteen  treated  Inntlanientally  because  ol  the  lack  ol  inloiiiiation  on 
t  le  strnctnre  ol  these  polyttters  or  copolyttters  tttid  Irecttttse  ol  the  at 
least  partly  Iteterogetteotts  character  ol  hydrolysis  as  it  irroceeds 
I  urtng  sitlltte  pttl|,ittg.  However,  Stttidtttati'”  has  recetttly  coti- 
trtbttted  sottte  tttterestittg  resttits  ohtaitted  by  detenttittit.g  the  dis- 
so  ved  sttgars  present  at  itttcrvals  dttttttg  the  process  ol  sttlfite 
puiptng  ol  spntce,  ptne,  aspett,  ttttd  birch  woods.  Idte  lirst  stte  tr  to 
appear  was  arab.ttose,  which  was  lottttd  witett  the  reactiot,  tetnpera- 

z;; 

tlic  pnipittg  reaettott  cottlaitted  arabittose  xylose 
"lanttose,  and  ghtcose,  there  were  snbsfttttial  • 

ferettces,  es,recittlly  beiweett  the  <l»a»t.tattve  dil- 

galactose  Irottt  hardwoods  verstts  s,,tuZr‘'-n 

to  restth  Itott,  the  ttttttbitted  eftects  ol  dtlleiettcesTt  'thr^""' 
each  sugar  polymer  in  wmul  •,  ^  ainounts  ol 

ages,  tht  vHoc  ty  ol  :  :  ;  ’ 

‘'•e  veioctty  „i  iiecont;:::;'-!,:: ,^rsL:  '"''v...e.s,  at.d 

sti.gars  in  the  acidic  reactiott  tttixtttre  “ 

.  r . . .  “  . . 

. . . f"!,.  "zs 
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that  timing  cooking  tlic  conccntiations  ol  the  various  sugars  in- 
crcasetl  to  a  niaxiniuni  and  then  decreased  l)ecause  ol  decomposition. 
Maximum  concentrations  ol  j^entoses  and  ol  galactose  (0.4%)  were 
reached  in  10  hours.  I  he  maximum  concentrations  ol  mannose 
(1.0%)  and  ol  lermentahle  sugars  (2..S%)  were  obtained  alter  13 
hours  ol  reaction.  Hagglund,  Heiwinkel,  and  Rergek®’  have 
estimatetl  that  lermentable-sugar  ilecomposition  may  reach  40  to 
00%  under  certain  conditions. 

riie  sugar  tlecomposition  products  aj)jjear  to  residt  Irom  the 
acidic  reaction  and  Iroin  the  ellect  ol  the  bisullite  ion.  Thus 
lurlural  is  present  in  sulfite  waste  licjuor  in  small  amounts,  although 
hydroxymethyllurlural  has  not  been  observed. 

T  he  interaction  between  sugars  and  ingredients  ol  sulfite  pulp¬ 
ing  liquors  is  thought'*’^  to  proceed  in  at  least  two  ways,  i.e.,  to  form 
bisidfite  atldition  comjiounds  and  then  aldonic  acids,  or  to  lorin 
stable  sugar  sidlonic  acitls  in  small  amounts.  A  sugar  sullonic  acid 
preparation  was  obtained  by  Hagglund,  Johnson,  and  Urban®®  by 
heating  glucose  Avith  sodium  sulfite  solution  at  pH  (i.  Although  this 
product  was  later  found  to  be  a  mixture  of  two  sugar  sullonic 
acids,’®  '®-  study  ol  properties  indicates  that  these  substances  are 
stable  in  boiling  dilute  mineral  acids  and  in  cold  dilute  alkalis,  are 
not  fermented,  and  have  apparently  no  influence  on  the  lermenta- 
tion  ol  glucose.®®  I  he  sugar  bisulfite  addition  comj)ounds,  Avhich 
can  markedly  inhibit  lernientation,  are  converted  in  part  to  non- 
lernientable  aldonic  acids.®’’®' 


Some  Developments  in  the  Technology  of  Pulping 

While  calcium  is  the  basic  ion  now  commonly  used  in  the 
sulfite  IHilping  process,  at  least  as  good  Avood  pulp  can  be  manulac- 
tiired  by  the  sulfite  process,  using  magnesium,  ammonium,  or 
sodiuni  ions  instead  ol  calcium  ions,  because  of  this  lact  and 
because  magnesium,  ammonium,  or  sodium  sulfite  Avaste  liqiiois 
can  be  pro(essetl  to  yield  heat  and  chemical  recovery  in  some  cases 
when  this  Avould  be  diflicult  or  ini|n)ssible  Avith  calcium  liquor, 
there  is  considerable  interest  in  sulfite  Jiulping  with  bases  other  than 

cahium.®®'"®’®"® 

A  magnesium-base  sulfite-pul|nng  and  recovery  system,  de¬ 
veloped  by'l'omlinson  and  Wilcoxson,®"’  and  Hatch  and  associates,®® 
is  noAV  being  operated  to  produce  about  28.5  tons  ol  sulfite  pulp  pei 
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day  al  the  Longview,  W^ashington,  plant  ol  the  Weyerhaeuser 
Timber  Company.'^  iMagnesinm  sulfite  Avaste  liquor  is  collected, 
evaporated  in  innltiellect  equipment,  and  then  the  organic  solids 
^in  the  concentrated  licjuor  are  burned  in  sjjecially  designed  lurnaces 
t(j  produce  process  steam,  hrcjin  the  lurnace,  magnesiuin  oxide  is 
also  recovered  which,  in  water  slurry,  serves  as  an  absorbent  to 
1  ec ovei  sulliu  dioxide  Irom  the  stack  gases.  I  he  recovered  chemicals 
aie  leused  in  the  jjulping  process.  1  he  greater  water  solubility  ol 
magnesium  than  calcium  salts  makes  feasible  sulfite  jjuljjing  Avith 
as  little  as  2.5  lb  ol  magnesium  pulping  licpior  j)cr  pound  ol 
morsture-lree  Avood  (conqxired  Avith  about  1.5  lb  of  calcium  pulping 
hcjuor)  to  yield  a  sulfite  Avaste  liquor  relatively  high  in  total  solids 
and  lermentable  sugars,  which  can  be  evaporated  or  else  treated 

to  recover  alcohol  Avith  much  less  input  of  heat  than  is  otheiAvise 
jiossible.’"®’*®® 

Ammoimiiii-basc  sulfite  piili,iiig  is  in  o])enitioii  at  Ttiten 
Norway,  by  the  Notek  Hytiro-Elektrisk  Kv;,clstob,ktieselskttb;“  ai 
Shelton,  XVasbington,  by  Rayonier,  Itic.:  tit  liangor,  Maine,  by  the 
tastern  Mannlactnnng  Company;  anti  at  Lebanon,  Oregon  by 
the  Crown  Zelleibath  anil  Sot.nclvietv  l>tilp  Companies.^'"'  At’  the 
.  lelton  installatton,  the  ammonium  sttifite  w.iste  lit, nor  is  evait- 

S  tmkSr 's  te  l‘"“l''  cotKlnt  tetl  at 

tl^soTV  ’’  '^°U>^'.berg  A.  Ik,  tfith  teettvory  ol 

.  cohol,  heat,  anti  ,nocess  chemicals  Iron,  the  sulfite  waste  liquor- 

also  cli!c.rc't[™'c  l»l"<>r  have  b^en 

yieltl  is  obtainable  1, o,n  ,  suirVtt  w  ,  , 
lion  of  an  easy-bleaching  (i.e  extensivtTv''  ,  Pi-oiim- 

seconthny  quality  obtaincxi  in  minim, „„  re  L'’'' 
nuim  calcium  in  the  puloinp  bn  •  ^‘‘tiion  time,  Avith  mini- 

II'X'I'I  such  serious  sugar  tl^co,,' Uitn  'Thr'  '>i  ii'Ss 

the  tlegratletl  p,„p  can  be  \,;er;::.'  Ci,;; 

Tile  lettna,  „|  sotne  liquor  Iron,  a  partly  c.npletet,  pulping 
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reaction  to  a  later  one  was  proposed  by  Bergson^^’^'*  in  order  to 
increase  the  concentration  ol  total  solids  and  thus  sugars  in  sulfite 
waste  litpior  and  more  recent  studies  by  Hagglund,  Stockman,  and 
Ldlstrom'’"'  indicate  that  sulfite  waste  liipior  solutions  may  be  ob¬ 
tained  containing  55  g  ot  sugars  jier  liter.  Hagglund, in  19.S8, 
suggested  the  use  of  a  two-stage  sulfite  pulping  procedure,  using 
only  a  small  calcium  ion  concentration  in  the  first  stage  to  miiiimi/.e 
sugar  decomposition;  this  jirocess  is  not  used  on  the  industrial 
scale.  The  various  possibilities  of  increasing  alcohol  yields  were  set 
before  the  Swedish  government  by  the  Engineers  Academy*'*’  and 
increasetl  capacity  was  developed  although  limited  demand  for 
Swedish  jnilp  caused  many  plants  to  convert  to  production  of 
fodder  pulp.*'*’ 

Wood  pulp  is  also  produced  on  a  large  scale  by  the  “kraft”  or 
“sulfate”  process,  using  an  aqueous  solution  of  sodium  hydroxide 
and  sodium  sulfide  to  accomplish  delignification.  In  the 

presence  of  alkalis,  soluble  carbohytlrates  undergo  degradation  and 
rearrangement  to  yield  products  unsuitable  lor  alcoholic  lermenta- 
tion.  While  ordinary  kraft  jnilps  are  used  for  many  jiurposes,  on 
xanthating,  they  yield  solutions  which  are  difficult  to  filtei  and  thus 
seem  unsuited  for  jiroduction  of  xanthate  rayon  unless  specially 
treated,  for  example,  by  a  mild  acidic  ‘‘prehydrolysis”  of  the  wood 
to  remove  pentosans  and  jierhaps  other  substances  before  the  kiaft 


puljiing  reaction. 

Ellis  jnehydrolysis  stcji,  which  so  inlluences  the  properties  ol 
the  residual  wood  that  cellulose  can  be  dissolved  in  cupramniomum 
hydroxide  or  xanthating  solutions,’*’  is  mentioned  here  because  it 
may  yield  an  aqueous  sugar  solution  suitable  for  microbiological 
preparation  of  alcohol,  yeast,  or  similar  products.  Prehydrolysis 
with  water  alone  has  been  proposed  for  use  with  beech  wood, 
where  the  acidic  environment  results  from  the  lorimc  and  acetu 
acids  from  the  wood  itself.  Dilute  solutions  of  other  acids,  such  as 
hydrochloric,  siilfnric,  and  phosphoric,—  have  been  suggested 
lor  use,  as  well  as  sulfurous  acid  and  unlernienled  sulfite  waste 
li(|uor. At  the  [ohannesmuhle,  Germany,  plant  ol  the  a  c  lo 
Eabrik  Zellstoir,  industrial-scale  prehydrolysis  of  pine  was 
with  water  at  MOTl  for  1/2  to  2  hours  to  remove  0  to  8%  ol 
heniicellulose.  By  subsequent  kraft  pulping  and  bleaching,  a  pulp 
used  for  viscose  rayon  manufacture  was  produced.  Production  ot 
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yeast  from  the  sugars  in  the  jjrehytlrolysis  liquors  has  been  con¬ 
sidered. 


^  1'lie  (voiiiposition  of  Sulfite  Waste  Liquor 

(>al( iuin-base  sidfite  waste  li(|uor  is  usually  a  brown,  atjueous 
solution  the  density  ol  which  is  not  much  higher  than  that  of  w’ater. 
The  liquor  ordinarily  contains  some  8  to  12%  dissolved  solids 
which  consist  mainly  of  calcium  lignin  sulfonates  and  sugars,  to- 
gethei  with  many  other  inorganic  and  organic  sid^stances,  present 
in  minoi  amounts,  e.g.,  methanol,  ethanol,  acetic  and  formic  acids, 
luihual,  tei penes,  and  resins.  Analytical  residts  obtained  with  two 
calcium  sidfite  waste  liquors*"®  are  given  in  Table  16.  Other  data 

have  been  published,  e.g.,  by  Baum,  Bard,  Salvesen,  and  Bra- 
bender.**" 


1  ABLE  16.  (.OiMPOSniON  OF  rVVO  CALCdUiM  SULFITE 

WASTE  LIQUORS 


Component 

Total  solids 
Ash 

Cialcinin  oxide 
Tree  snifur  dioxide 
Loosely-coinhined  snifnr  dioxide 
•Sidfate,  as  sidfnr  trioxide 
Total  sulfur 
Methoxvl 

Total  reducing  substances,  as  glucose 
lernientable  sugars,  as  gluccjse 


Sample  A  Sample  li 

grams  per  liter 


115.4 

121.6 

11.9 

20.9 

f).2 

9.6 

0.6 

8.0 

.S.7 

<3.2 

1.1 

1.1 

8.9 

15.8 

7.8 

8.1 

26.8 

20.5 

19.1 

12.5 

ly  permission  from 

the  Jont 

,1  ,  .  ■.vx.u. i.ij,  (Keprintc 

of  the  A  me)  tain  Chemical  Society). 

polymers apparently  jnopyl.phenol  type 
,,  ,  ,  “'’ta.ning  about  o.ie  sulfonate  group  for 

si' 

a.Hl  bgnin  bist.lfite  atUl.tlon  conrp:, -'-J'V;;;- 


104 


Industrial  h'ermentatioyis 


dioxide,”  i.e.,  sullonic  acids  ol  lignins  and  sugars,  which  are 
hydrolyzable  by  heating  in  rather  strong  alkaline  solution;  and  (4) 
sidfate,  thiosidiate,  and  polythionic  acids  present  usually  in  only 
small  amounts. 

4'he  sugars  in  technical  soltwc^od  sulfite  waste  licjuor,  which 
usually  amount  to  about  20%  ol  the  total  solids,  are  present  largely 
as  monosaccharides.*^’^  Ajjproximate  determination  oi  the  total  con¬ 
centration  ol  these  sugars  can  readily  be  made  by  reducing  value 
methods.’^’*  In  interpreting  such  results,  it  should  be  remembered 
that  a  mixture  ol  sugars  is  being  analyzed  and  that  some  reducing 
jjower  seems  to  be  associated  with  the  lignin  sulfonates*'***  and 
carbonyl-containing  minor  constituents. 


Table  17.  COMPOSITION  OF  SULFITE  WASTE 

LIQUOR  SUGARS 


.Sugar 

85%  Western  hemlock 
plus  15%  white  fir" 

% 

Spruce'’ 

% 

Xylose 

.\raljinose 

'e} 

17.0 

Mannose 

48 

42.7 

4.0 

Fructose 

9 

Glucose 

15 

28.9 

(ialactose 

10 

4.2 

3.2 

(ialacturonic  acid 

— 

Unidentified 

4 

Total 

100 

100.0 

®  Average  of  two  determinations.'^^ 
*’  Undesignated  species.®® 


As  noted  previously,  the  individual  stigars  often  observed  m 
sulfite  waste  licpior  are  glucose,  mannose,  galactose,  possibly  ft uc- 
tose,  xylose,  and  arabinose.  Fhe  projiortions  of  these  .sugars  lound 
in  two  dillerent  .softwood  stdfite  waste  licjtiors  are  given  m  1  able  1  / . 
I'he  results  of  Hagglund,  Klingstedt,  Rosemiuist,  and  Urban 
were  obtained  by  classical  procedures,  while  those  ol  Mulvany, 
Agar,  Peniston  and  McCarthy*-*"  were  secured  by  chromatographic 
techniciues  applied  to  the  .stigar  solution  remaining  alter  hgnin 
sulfonates  and  other  anionic  and  cationic  substances  had  been 
removed  by  dialysis  and  ion-exchange  resin  treatments  ol  sulfite 
waste  liquor.  Quantitative  departures  from  the.se  compositions  are 
to  be  expected,  depending  both  on  the  conditions  ol  the  sulfite 
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puljMng  process,  and  on  the  ]xn  ticular  sj^ecies  and  source  of  the 
wood  used.  Sundinan,''*^  employing  analytical  conditions  controlled 
so  as  to  avoid  sugar  interconversion,  has  recently  indicated  that 
'fructose  is  not  present  in  spruce,  jjine,  and  birch  woods,  in  spruce 
holocellidose,  and  in  jjaper  and  rayon  ]iul]>s  made  from  spruce. 

The  following  distribution  of  individual  sugars  in  a  sidfite 
waste  liejuor  from  aspen  has  been  reported  recently  by  Roschier  and 
.Valtio.  71%  xylcise,  9.2%  mannose,  4.d%  arabinose,  3.6%  uronic 
acid,  1.4%  glucose,  0%  galactose,  and  10.4%  unaccounted  for, 
when  the  total  reducing  material  was  taken  as  100%.  The  small 
projjortion  of  hexoses  found  suggests  that  very  mild  pidping 
conditions  were  used.  Similar  results  were  obtained  with  birch. 

These  sugais  may  exist  in  sulfite  waste  licpior  in  part  as 
bisulfite  addition  compounds  for  which  some  equilibrium  data 
have  been  rejiorted.*®®-’”^ 


procedures  for  processing  sulfite  w^aste 

LIQUORS  TO  YIELD  ALCOHOL 

Since  the  disclosures  alioui  iy(l7  „r  the  sulfite  waste  liquor 
alcohol  processes,  patented  by  W'allinos  KUtrdnt.^  many  niodi- 
fications  and  extens.ons  have  bee.,  suggested.  Some  of  these  will 

uow  be  mentioned,  roughly  i„  the  oialer  in  which  the  p.ocess  steps 
may  be  carried  out.  ^ 


Collection  of  the  Sulfite  Waste  Liquor 
For  best  econon.y  in  snil.te  waste  litp.or  alcohol  production 

. . - 

">i"i'nu,n  tlihttion.  lies!  .eLe.y  ,  Uc'.r""  'T',’"'' 

tion  sugais.  isdesi.able  because  this  ass,  , 

|te,  to,,  of  wood  piocessed  Dilt,  ,  ,,  .  ,0'“’“"“"’’ 

,„i,.„.,iced  be'eause,  withm.r:;;  ,!  “‘I--'-"'' 

maximum  concent,  ation  i„  |e,  ,„e„t’  ,  “  “ 

test  ol  steam  lot  alcohol  lectilic ation  whl  I  ‘ 

'mitely  .5(1%  of  the  alcohol  p, ice  “’is  .ec  ,^1’’ '0''“™' 
collection  is  also  important  tn  ■  •  •.  C)ptimum  liquor 

ments  when  the  liquor  is  to  be  steam  require- 

as  a  fuel,-»"'>«’-2>7.22<.  Inirned 

The  Scantli.,av  e  .rr" 

'  I’"’"'"  >l>e  liciuor  to  drain 
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from  digesters  or  l)knv’pits.  l>j0rnsta(P”  in  Norway  louiul  that  under 
certain  conditions,  1, ()()()  gal  ol  undiluted  waste  liejuor  was  drained 
jx*r  ton  ol  jinlj)  in  a  tligester.  An  additional  180  to  600  gal  per  ton 
could  be  recovered  by  injecting  dilute  sulfite  waste  liquor  at  the 
bottom  of  a  tligester  and  removing  residual  liquor  at  the  to]>. 

In  an  alternative  jirocedure,^^  the  contents  ol  a  digester  are 
blown  or  dumped  into  a  blowtank  equijijietl  with  agitators,  un- 
tliluted  waste  liquor  is  admixetl,  anti  ptdp  and  litpior  are  then 
tlelivered  to  a  high-density  vacuum  thickener  by  which  some  74% 
of  the  undilutetl  waste  litpior  may  be  extracted.  A  somewhat 
similar  system,  although  liasetl  on  use  t)f  water  to  cause  gravity 
displacement  of  sulfite  waste  litjutir  from  quiet  pulp  in  a  blowpit, 
is  in  use  at  the  Puget  Sound  Ptdp  and  l  imber  Company  plant  at 
llellingham,  Whishington,  and  has  been  described  in  detail  by 
.\bbt)tt.‘^  Still  another  procedure  is  to  euq^loy  multistage  counter- 
current  washing,  as  practiced  in  modern  kraft  mills.  This  procedure 
would  give  best  results,  but  it  requires  considerable  capital  outlay. 
The  various  methods  have  been  comjjared  by  Davis. 


Preparation  of  Sulfite  Waste  Liquor  for  Feriueutatioii 

A  collected  sulfite  waste  licpior  is  usually  prepared  for  fer¬ 
mentation  by  removing  fermentation  inhibitors  or  rendering  them 
innocuous,  by  adjusting  the  liquor  teinj^erature  and  acidity  to 
ojitimum  levels,  and  by  adding  nutrients.  Much  attention  has  been 
devoted  to  fermentation  inhibitors  and,  while  this  matter  is  not  yet 
wholly  resolved,  sufficient  progress  has  Ixen  made  to  design  and 
operate  plants  without  substantial  difficulty  from  this  source. 

1  he  major  fermentation-inhibiting  factor  appeals  to  be  the 
presence  of  sulfur  dioxide  tlerivatives.  Removal  ol  lignin  sulfonates 
with  ferric  chloride,  as  proposed,  e.g.,  by  Petrov,*”*^  is  not  necessary. 
The  antiseptic  efficiency  of  sulfurous  acid  and  sulfite  solutions  on 
the  yeast  Saccharornyces  ellipsoideus  has  been  studied  by  Rahn  and 
Conn,’"-'  who  reported  that  “the  effect  of  SO.  on  yeast  is  due  to  the 
undissociated  H.SO.  molecule  of  which  only  0.4  mg  per  100  ml 
prevents  multiplication”  and  “.  .  .  7  mg  per  100  ml  kills  the  yeast. 
This  important  influence  of  undissoi  iated  sulfurous  acid  was 
previously  recognized  by  Hagglund.-’  rims  fermentation  in  un¬ 
treated  sulfite  w'aste  liquor  is  inhibited  or  prevented  because  con¬ 
siderable  sulfur  dioxide  is  usually  present  and  a  substantia 
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projiortioii  ol  tliis  will  exist  as  undissociatecl  sulliiroiis  acid  because 
()1  the  eliett  ol  the  lairly  high  concentration  ol  hydrogen  ions  in 
the  liquor  on  the  position  ol  the  sulhte-bisulfite-undissociated 
sidhirous  acid  etpiilibriuni.  d'his  situation  is  complicated  by  the 
lact  that  coexisting  sugars  and  perhaps  some  lignin  sulfonates  and 
other  substances  form  bisidlite  addition  comj^ounds  which  tend  to 
maintain  equilibrium  with  the  other  sullur  dioxide  derivatives, 
d  1ms,  to  avoid  inhibition  ol  lermentation,  it  is  necessary  to  reduce 
the  concentration  ol  undissociated  sulfurous  acid  to  a  low  value, 
although  GadcP'  has  indicated  that  acetaldehyde  in  concentrations 
above  about  0.15%  and  lurlural,  as  well  as  other  minor  ingredients, 
may  be  also  inhiijitory. 

\Vith  respect  to  the  l)isulhte  addition  compounds,  Hagglund, 
Heiwinkel,  and  bergek®**  found  that  these  derivatives  ol  sugars  are 
most  stable  at  jiH  4  to  pH  7  and  are  not  fermented  but  can 
maikedly  letard  alcoholic  lermentation,  jjresumably  through  hy- 
diolysis  dining  lermentation  to  yield  some  undissociated  sulfurous 
acid.  However,  if  sulhte  waste  liquors  are  neutralized  to  above  pH 
/,  these  bisulfite  addition  compounds  are  reportedly  h)drolyzed  and 
alcohol  yields  are  increased.^*  ®® 

In  more  detail,  Hdpner'°’  studied  the  glucose  bisulfite  addition 
compound  and  found  an  increasing  degree  of  hydrolysis  at 
^uihbrmm  as  the  acidity  decreased  or  the  temperature  increased. 

owever,  the  rate  ol  attainment  of  equilibrium  was  slow  under 
aa<  ,c  co.Kimons  Inn  becan.e  rapid  in  the  range  of  pH  6.  He  also 
Stnd.cd  the  behav.or  of  xylose  and  tnannosc  bisnlfite  addition  com- 
pcHitids  a.Kl  reached  the  condnsion  that  these  do  not  cause  tite 
l.fficu  I.cs  so.netnncs  experienced  in  sulhte  waste  liquor  netitraliza- 
on,  hut  tnore  sttible  or  more  slowly  hytholyzed  sulfurous  acid 
lenvatives.  ptubably  lignin  sulfonates,  are  also  prese.u,  Hy  freeing 
ulhte  waste  h<|uor  Iron,  loosely.con,bined  stdfur  dioxide  and  the,! 
piepanng  a  hydrazone,  Adler''*  seciirr-d  •  i 

ll'at  lignin  stdfonic  a, id,  i,,  ,es  ,  s  ,  fi,e  'r 
i"  pan  as  bisulHte  addition  con,p,  ,  ,  h'!!  '’"T 

l'"'naldehyde  an, I  M,ethyigl!,v,V\'V,ne*"‘'’  “ 
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])ounds,  but  when  this  litjuor  has  Ijceii  liced  Irom  gas  and  ncu- 
trali/x'd  to  pH  5.5,  these  compounds  dissociate  almcjst  completely 
so  that  only  10%  ol  the  loosely  combined  sullur  dioxide  may 
originate  from  bisulfite  addition  compounds  ol  sugars  whereas  90% 
is  hound  to  other  compounds,  such  as  lignin  sultonic  acids.  Thus 
while  a  predictable  ecpiilihrium  is  speedily  reached  on  adjustment 
of  the  acidity  of  solutions  of  inorganic  hisulfites,  neither  the 
etjuilibriuin  nor  the  kinetic  picture  is  as  yet  entirely  clear  with 
respect  to  the  behavior  of  the  various  organic  bisulfite  addition 
compounds. 

In  the  Ekstrdm  process,'^®  sulfite  waste  licpior  was  prepared  tor 
fermentation  by  neutralizing  the  licpior  with  limestone  and  then 
permitting  suspended  or  jjrecijjitated  solids  to  settle.  In  this  and 
later  similar  neutralization  processes,  the  eliectiveness  of  the  treat¬ 
ment  is  largely  attributable  to  the  reduction  in  unclissociated 
sulfurous  acid  by  conversion  to  apparently  nontoxic  inorganic  salts, 
which,  in  some  cases,  are  soluble  only  to  a  limited  extent.  During 
neutralization,  care  must  be  exercised  to  avoid  fermentable  sugar 
destruction  by  local  extreme  alkalinity. 

Aeration  has  also  been  used'^®  to  remove  some  of  the  sullur 


dioxide  into  the  gas  phase  while  oxidizing  another  part  to  sulfate 
which  has  no  major  effect  on  fermentation.  I  o  accelerate  air  oxida¬ 
tion  to  sulfate,  it  has  been  suggested  to  add  to  sulfite  waste  liquor 
such  catalysts  as  manganese  or  chromium'^"  or  coital t‘®  ions,  or  else 
a  “peroxide  material. For  more  complete  removal  ol  inhibitors 
by  aeration,  the  addition  of  mineral  acid  to  sulfite  waste  licpior 
has  been  found  advantageous  by  Sniart,‘‘'“  Marc  hand, and  others. 
Addition  of  mineral  acid,  together  with  boiling  or  partial  con¬ 
centration  of  sulfite  waste  licpior,  has  been  considered  by  Tartar’"^'' 
and  others.®®’^^'’^’®  More  recently,  it  has  been  found  possible  and 
industrially  economical  to  remove  sulfur  dioxide  and  other  volatile 
inhibitors  continuously  and  without  acid  addition  by  using  a  steam¬ 
stripping  process'^*^  at  elevated  temperature  in  a  multistage  column. 
A  considerable  amount  of  sulfur  dioxide  is  recovered  for  reuse  and, 
simultaneously,  the  licpior  can  lie  maintained  sterile  and  sufficiently 
freed  from  inhibitors  so  that,  after  cooling  and  often  without  neu¬ 
tralization,  it  is  readily  fermentable  or  can  be  used  lor  yeast 
propagation.  However,  the  report  ol  Walker  and  Moigan  sug¬ 
gests  that  the  effectiveness  of  steam  stripping  may  vary  with  the 
sulfite  waste  liquor  being  treated. 
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To  comj^lete  jiicj^aration  ol  sulfite  waste  liquor  lor  lernienta- 
tiou,  acidity  and  tenij^erature,  iiiust  be  adjusted  and  nutrients  added. 
Limestone'’^’  and/or  linie^”  may  be  used  lor  neutralization  but 
L0srhbrandt  and  I’roye'*^  lound  that  the  acidity  during  lernienta- 
tion  had  much  less  inlluence  on  alcohol  yield  than  the  concentration 
ol  bisulfite  ion  in  the  liejuor.  Winz  and  Warscha-'*  investigated  the 
effects  of  neutializing  both  jjaper-  and  layon-pulp  licpiors  at  tem- 
peratures  from  20°  to  I.S0°C  and  concluded  that  highest  alcohol 
yields  weie  obtained  from  those  liquors  which  had  been  neutralizetl 
to  pH  5.3  at  95  to  100°(..  Industrial  neutralization  j^ractice  will 
be  discussed  latei'.  hor  cooling,  surface  or  vacuum  etjuijjinent  may 
be  used.  Nutrient  requirements  are  small  and  usually  may  be 
satisfied  by  ammonia  or  urea  addition. 


Ferinentatioii  of  Sulfite  Waste  Liquor 

Since  many  exteilent  sources  are  as'ailabie  lor  tlieoretical  and 
inactica  inlor, nation  on  alcoJiolic  lennentation,  in  general,  and 
innch  ol  tins  nilorination  is  given  in  Cdiapters  2  anti  S,  considera- 
lon  ol  sidliie  waste  li<|uor  lennentation  will  be  restricted  to 
nobleins  and  developments  unitpiely  associatetl  with  employ, nent 

ts  substiate  hxtensive  studies  in  tins  field  have  been  condticted 

by  Hagglund.’®'’®’®‘*’®®'®®-s7.9i,92.93,94  rieu 

Dining  lernientalion.  stiMur  dioxide  derivatives  seen,  to  act  not 

increased  amounts  ol  acetaldeh  ,  »  ■ S  ", 

<>.;^Hnari,y,  this  aldehyde  ttirirftS/s  nietllyr;,;' editd''::':':./ 

sy9e,„ra'nd  inveldganws'^  :"™'><>l-‘l''«illa,ion 

veision  to  ethyl  ahitho,  by  mcl:: 

ni  the  fermenting  liquor. ^  t'^ls  fiaction 

»loui;:hetr;;'pI:“;::V'''/"'“^  li.|iior  sugars  was 

TIuis  attempts  were  made  to  dn-tdop ’strah!^\TT-''^^^  "'I'il'ilors. 
to  the  licjuor  that  more  rnnVI  (s.  '  •  y^'**^*^  ticclimated 

yiekls  resulted. Ihe  -i  r  ‘“^tl  better  alcohol 

isms  to  wood  hydrolyzate  solutioiir  h  ^'mioiis  microorgan- 

johnson  and  Harris.’-  Removal  of  r- V' ^ 

Rested  as  a  means  of  speeding  no  fer  ”  ^  •<ixide  has  been  sug- 

Hes,  ^l-''-<-uing  up  lennentation 

However,  another  lactor,  inlluencing  the  '.te  of  r 

h  oic  late  ol  fermentation, 


110 


Industrial  h'ernientalions 


is  the  concentration  of  yeast  in  the  liquor  being  lerinented.  Under 
Ekstrdm’s  conditions, ■*°  lermentation  was  initiated  by  adding  Ireshly 
prepared  snlfite  waste  liquor  to  a  lennentor  containing  a  “bottoms 
inocnhim,’’  consisting  of  some  )irevionsly  fermented  liquor,  together 
with  suspended  yeast.  During  fermentation,  this  yeast  increased  to 
about  ten  times  the  amount  originally  added.  Similarly  it  has  been 
proposed''*’  to  maintain  a  continuous  How  of  the  fermenting  liquor 
through  a  fermentation  vat  and  to  conduct  part  of  this  licjuor  back 
to  the  inlet  of  the  vat  where  it  can  serve  as  inoculum.  Continuous 
fermentation  may  also  be  obtained  by  the  lixed-yeast  method, 
passing  the  liquor  at  a  suitable  rate  through  one  or  more  vessels 
each  of  which  contains  masses  of  yeast  fixed  on  a  carrier  or  packing 
material,  such  as  kieselguhr***®  or  chips. 

Rosten*’*  *’®  has  pointed  out  that  fermentation  procedures, 
employing  the  bottoms  inocidum  method  have  the  undesirable 
economic  feature  that  most  of  the  yeast  present  during  each  fer¬ 
mentation  is  removed  in  the  fermented  liquor  and  goes  to  the 
distillation  system  where  it  is  killed  and  passes  to  waste.  He  has 
emphasized  the  advantages  associated  with  the  “reuse  of  the  yeast 
process”  of  the  Usines  de  Afelle'^®’®"  which  is  reported  to  be  employed 
in  at  least  one  hundred  distilleries  in  Europe.  It  was  first  used  with 
sulfite  waste  liquor  at  the  Attisholz  plant  in  Switzerland,  in  1939, 
five  plants  in  Europe  were  operating  on  this  process,  using  sulfite 
waste  liquor  (Cosel,  Wagen,  Oberleschen,  Heidenau,  Attisholz). 
Essentially,  the  process  comprises  the  centrifugal  separation  ol  a 
yeast  cream  from  the  fermented  liquor  and  the  reuse  ol  this  re¬ 
covered  yeast  as  an  inoculum  for  batch  fermentation  of  new  liquor. 
Advantages  cited  for  the  method  are:  (1)  Ihe  alcohol  yield  is 
improved  by  about  15%,  because  the  relatively  high  yeast  con¬ 
centration  present  at  inception  of  fermentation  does  not  greatly 
increase  and  thus  sugar  otherwise  consumed  in  yeast  growth  is 
converted  to  alcohol;  (2)  yeast  seed  preparations  are  unnecessary 
and  the  yeast  culture  functions  most  elfectively  because  it  is 
acclimatized  to  the  environment  to  the  maximum  degree  and  may 
utilize  sugars  which  arc  not  usually  fermented;  (.3)  size  and  thus 
capital  costs  of  equipment  for  fermentation  may  be  decreased 
because  faster  fermentation  results  from  well-acclimated  yeast 
present  at  relatively  high  initial  concentration;  (-1)  aintannnation 
problems  are  minimized  because  umlesirable  organisms  are  olten 
lighter  than  yeast  and  are  not  separated  with  the  yeast  in  the 
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centrifuges,  but  remain  with  the  fermented  liquor  and  go  to  the 
beer  stills  where  they  are  killed. 

The  concentration  at  which  alcohol  is  obtained  in  fermented 
sulfite  waste  liquor  is  a  factor  of  primary  economic  concern  in 
alcohol  production.  This  occurs  because  the  costs  of  recovery  and 
concentration  ol  alcohol  to  the  usual  industrial  strength  increase 
rapidly  as  the  alcohol  concentration  in  the  fermented  litpior  de¬ 
creases.  One  way  of  obtaining  alcohol  at  relatively  high  con¬ 
centration  is  to  reuse  ‘10  to  50%  ol  undiluted  sulfite  waste  liquor 
from  a  preceding  cook  for  a  succeeding  one  as  recently  proposed  and 
investigated.®®  Another  jjossibility  is  to  concentrate  sulfite  waste 
liquor  prior  to  fermentation,  and  this  has  been  suggested  periodi¬ 
cally  since  1910. Concentration  by  evaporation  of  calcium 
sulfite  waste  liquor  has  presented  some  difficulty  because  of  dej)- 
osition  on  heater  surfaces  of  calcium  sidfate  scale,*’®’^"  but  recent 
reports  indicate  that  these  difficidties  are  being  eliminated. 
(concentration  by  evaporation  of  magnesium  sulfite  waste  liquor  is 
now  being  conducted  on  an  industrial  scale,  and  Tomlinson^®'-^®^ 
has  patented  lermentatioii  ol  this  ty|)e  ol  Ik, nor  at  up  to  alront  3(1% 
total  sohds.  The  rates  and  yields  ol  lerincntation  of  calcinin,  ina?- 
(lesiuni,  anti  aininoninn.  snifite  waste  lit|nors  under  various  con- 

concentration  an, I  of  acidity  have  been 

Another  way  to  seenre  higher  concentrations  of  alcohol  in 
uniented  stdfite  waste  h<|nor  is  to  add  to  the  lit, nor,  ,rrior  to 

snerT’’"'!"’  «'■  yield  fermentable  sugar, 

mo!asses.“  TiT  starch.=f  tn' 

nhint  <i  ‘‘sses  was  adtied  at  the  Mechanicsville.  New  ^'ork 

-  ^>.e  yea,; 

been  suggested.'*’  ^  minimum  water,  has  also 

'‘o-" 

aiohol.  acetic,  propionic,’  anti  hn,;  k''' 

>east.  (See  C.hajiter  10.) 
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centratcd,  and  ,sei)aralcd  Iroin  ini|niiides.  It  may  be  desiial)le  to 
scrub  the  lenncnted  licjtioi  with  air’’  to  remove  carbon  dioxide 
which  wotdd  cause  loaming  in  the  stills.  1  his  is  practiced  in  the 
A.  lb  1  egelors  plant  at  jarpen  in  Sweden.'*' 

In  beer  stills,  the  alcohol  is  removed  Irom  the  litpior  in  the 
first  distillation  stej).  The  residual  li(juor  leaves  the  .system  as 
bottoms,  while  tlilute  ethyl  alcohol,  along  with  methyl  alcohol  and 
other  volatile  impurities,  passes  oil  as  ovei  head  vapois.  To  i educe 
to  a  minimum  the  steam  necessary  lor  recovery  ol  alcohol  Irom  the 
dilute  solutions  of  stdiite  waste  licpior  alcohol,  the  Othmer  vapor- 
rense'-''''  or  solvent-exti action  schemes'"’*  might  be  considered. 

riie  alcohol  stream  from  the  beer  stills  may  be  passed  to  a 
rectilying  column  Irom  which  the  concentrated  eth,nic)l  is  lecoveicd 
as  tops.  Fusel  oil  side  streams  may  be  removed,  containing  propyl, 
butyl,  isobutyl,  amyl,  hexyl,  and  hejnyl  alcohols,  with  amyl  and 
hexyl  alcohols  predominating."^®  Reports  have  been  made  of  the 
presence  ol  such  other  substances  as  boineol,  limoncnc,  cam 
phene,  fenchyl  alcohol,  guaiacol,  and  perhaps  a/,ulene,""  and  3- 
methoxy-4-hyclroxypropylben/ene.'"’  The  removal  of  terpenes  from 
alcohol  by  distillation  has  recently  been  studied  by  Hahnel.’" 
Freatment  of  alcoholic  vapors  with  a  sodium  hydroxide  solution  has 
been  projjosed  to  remove  volatile  acids  possibly  present. 

The  overhead  stream  from  the  rectifying  column  may  be 
introduced  into  a  purifying  column  winch  separates  a  light 
“methanol  heads”  fraction  from  the  bottoms  ethanol  product.  This 
methanol  may  originate  from  methyl  esters  in  polyuronide  hemi- 
celhiloses  and  seems  to  be  formed  in  part  during  sulfite  pulping  and 
in  smaller  proiKUtion  during  fermentation.®-'  ft  is  interesting  to 
note  that  in  1910  it  was  thought  not  practicable  to  seixiram 
methanol  and  ethanol-^’  and  in  1911  this  .separation  was  considered 
„„Iy  il.co.curally  |K.ssil.lc.“  .Modern  distillatn...  systems  a  It.w 
i4i..ir,<.  toiiipleie  seutntnion  ol  these  two  ttkoliols.  le  le.n  s 
is  largely  a  mixtnre  of  methyl  and  ethyl  alcohols,  acenah 
tlehytle,  a.ul  acetals.  Hytlrolysis  of  acetals  hy  an  acttl  .salt  lollowc 
hy  senaratioti  of  c<)in|)onenls  has  heeti  snggestei  .is  .1  means 
,  htainint;  |,nre  ethanol,  n, ethanol,  and  acetal, lehy.le.  Unde.  son. 
;h.c..n.sta..ce,s,  hy.ht.se..  s..ll..le  a|,,,ea.s  a..d  ...ay  ■ 

acetaldehyde  to  yield  ,hi,.acctaldehy<les.’'  It  sln.,.l,i  he  e.nph.s.ccd 
‘that  through  ...cKlert.  tcchttology,  st.ll.te  waste  h<|nor  alcohol  cat. 
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now  readily  l)e  produced  etjual  in  cjiiality  to  the  best  grades  Ironi 
other  sources. 

Dehydration  to  jn'oduee  anhydrous  alcoliol  uselul  as  motor  luel 
iias  been  ol  s|)ecial  interest  in  Euroj)e  and  drying  jjrcjcesses  liave 
been  suggested  based  on  tise  ol  c|uickliine,'^*'  ben/ene,”’  jjotassiuni 
acetate/^'*'*'  trichloroethylene  (“Drawinol”),^^  and  calcium  stil- 
late.*®‘ 


Analytical  Methods 

Sulfite  tvaste  licpior  ingredients  can  be  determined,  using 
methods  recommended  by  Partansky  and  Henson,*"'’  and  others  more 
recently  considered  by  Vorston."*"  A  jn'oeedure  lor  the  evaluation 
of  biochemical  oxygen  demand  of  sulfite  waste  licpior  has  been 
suggested  by  I'yler  and  Gunter."'*'* 

Reducing  or  fermentable  sugars  can  be  estimated  by  methods 
recommended  by  rapid*"**  or  by  standard  Swedish'***  or  German 
in-ocedures.***-*  Menzinsky*"^  has  suggested  a  rapid  method  based  on 
absorption  of  fermentable  sugars  (mannose,  fructose,  glucose 
gjdactose)  from  sulfite  waste  licpior  solutions  by  the  yeasts  Sc/c- 
charomyces  cerevis,„e  or  .S.  trapUs.  l,Kiivkl„aI  sogars  io  .solfitc  waste 
..,uor  ca„  be  calepatetl,  lor  exa,n|rle.  Iron,  clitterenees  in  dissocia- 

1 conipounds,“'»  '»-  or  l,y  coin,,,,,'”  or 
papei  ’  chromatography. 

A  Swedish  .nethod  is  available”  for  deter, nina, ion  of  yield 
S  Ifi  r  w asef ‘i"''  '  I"’:"  '''I''"-  '-  -enlalion. 

.modern  sulfiti;  waste  liquor  alcohol  plants 

For  two  Swedish  alcohol  |rlants  coninleted  in  Muo  ,  ,  ■ 

“u"  ol  p,o<ess  steps  with  How  sheet  a,  d  ,T  ‘ 

puhhshetl.'"  Fhe  installations  we,e  basid  on  , 

A.  H.  olStockhohn.  involving  d,,,  '  !  ,  ""  ""J, <"  Test!, 

and  ol  continuous  leianentation  11  "‘^ul,al,/at,on  with  lime 
a.  K..pn,a,,hohne,,'an:i';h:.  :h.',n 
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liquor,  and  the  utilization  ol  tlic  residues  was  jHd)lished  in  19194^“' 

In  North  America,  production  ol  ethyl  alcohol  Irom  sulfite 
Acaste  licjuor  was  undertaken  at  4'horold,  Ontario,  and  at  llelling- 
hani,  W^ashington,  during  World  W^ar  II  to  aid  in  meeting  wartime 
needs  for  butadiene  and  styrene  for  synthetic  rubber,  explosives, 
solvents,  and  other  chemicals.  A  third  jilant  was  established  at 
Gatineau,  Quebec,  shortly  after  the  Avar.  .\1  though  some  features  of 
the  design  of  these  plants  may  have  resulted  from  Avartime  ex¬ 
pedients  rather  than  from  optimum  reepurements,  they  Avill  be 
described  in  some  detail  as  representative  of  most  recent  jjractice. 


The  Ontario  Paper  Company  Plant 


This  plant,  the  first  recent  major  installation  in  North 
.\merica,  Avas  constructed  at  riiorold,  Ontario,  in  1942-3  by  the 
Ontario  Paper  Company  Limited.  It  has  been  described  by  Sankey 
and  Rosten*’”''’^  ’’'’  and  by  Joseph"'*  and  others.'-^"  Chrome-nickel 
steel,  containing  a  small  proj)ortion  of  molybdenum  Avas  used  loi 
all  et[uipment  exposed  to  severe  corrosion  conditions. 


To  recover  a  maximum  volume  ol  sidfite  Avaste  liquor  at 
minimum  dilution,  stainless  steel  and  rubber-coA’ered  ptdp  Avashing 
eqiupment  Avere  desired,  but  these  materials  Avere  not  available  at 
the  time  of  construction.  I  hus  sidfite  Avaste  liipior  Avas  recoACied 
by  bloAving  digesters  into  dry  jjits  and  controlling  chain.ige  thiough 
the  perforated  floors  to  obtain  a  maximum  degree  of  separation  ol 
liquor  and  fiber,  using  minimum  Avash  Avater  in  the  time  alloAvable 
before  j)reparation  of  the  jut  for  the  next  digester  blcnv.  By  this 
procedure  about  ()9%  of  the  total  sidfite  Avaste  liquor  discharged 
from  the  digesters  is  recovered  at  about  80%  of  digester  concentra¬ 
tion.  4  his  amounts  to  0.5  tons  of  liipior  per  ton  of  pulp  produced. 


As  initially  constructed,  the  sulfite  Avaste  liquor  Avas  pumped 
over  inclined  screens  to  remove  residual  fiber  and  then  passed  to 
storage  in  a  lOO.OOO-gal  lank.  Shortly  after  the  Avar,  a 
current  steam-striiqnng  toAver  Avas  installed  before  the  stieens. 
From  storage,  the  liquor  is  cooled  to  fermentation  temperature 
(9()°F)  in  water  heat  exchangers  and  is  then  jiassed  to  one  ol  thiee 
neutralizing  tanks  where  lime  is  adiled  to  a  pH  ol  5.5  to  (i.O.  Altei 
settling,  the  sludge  is  discharged  to  the  sewer  and  the  clear  liquor 
is  pumped  to  the  fermentors.  Nutrient  salts  are  introifuced  at  the 
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pump  suction  in  passage  to  the  lermentors  or  directly  in  the  fer- 
inentors. 

Fermentation  is  condticted  batchwise  with  the  yeast  reuse 
process  of  Les  Usines  tie  Melle.^"’’*''  About  4(),()()0  gal  of  liqtior  is 
circulated  between  a  jjair  of  fermentor  tanks  with  yeast  slurry 
added  from  a  previous  batch.  Fermentation  is  conducted  for  12 
to  14  hours  following  which  a  1-  to  2-hotir  sltidge  settling  period  is 
allowed.  The  litpior  is  then  decanted  to  centrifugal  yeast  separators 
which  discharge  a  yeast  slurry  at  about  15%  concentration.  This  is 
stored  in  2,100-gal  tanks  for  tise  in  sid3se(}uent  fermentations. 

The  clear  liquor  from  the  yeast  sejjarators  is  discharged  to 
a  beer  well  for  teed  to  the  stills.  Two  beer  stills  are  operated 
with  parallel  flow.  They  discharge  a  10%  alcohol  vapor  which  is 
partially  condensed  and  fed  to  the  rectifying  column.  The  top 
fraction  from  the  rectifying  column  is  concentrated  ethanol  with 
some  aldehydes,  ketones,  and  acetals,  anti  also  methanol.  It  is 
refractionated  in  a  purifying  column  to  yield  ethanol  and  an  impure 
methanol  for  use  as  indtistrial  solvent.  Table  18  shows  operating 
data  given  by  JosepIA^"  for  the  Ontario  Paper  Company  plant  for 
two  months,  one  in  1943  shortly  after  construction  and  the  other 
in  1946  after  modifications  and  improvements  had  been  made. 


Table  18.  DAILY  AVERAGE  DATA  ON  SULFITE  WASTE 
LIQUOR  ALCOFIOL  PRODUCTION  AT  THE 
_  PLAN!'  OF  ONTARIO  PAPER  CO.,  LTD. 


October  1943 


June  I94(i 


f'ennentable  sugars 

Processed,  lb  per  day 
(oncentration  in  ]i(]uc)r,  g  per  1 


Sulfite  ivaste  li({uor 

Received  from  mills.  Imp.  gal  per  day 
Recovered,  Imp.  gal  per  ton  of  pnlp 
Specific  gravity 


210,600 
1 .302 


1.046 


1 .049 


/-t  t  ,  1 -  'O  1  ' 

Chemicals  used  per  100  gal  alcohol 


Nutrient  salts,  II) 
I.ime,  lb 
S id f uric  acid,  lb 


6.1 

431.2 

14.1 


226.0 

0.0 


2.9 


Idhyl  alcohol 

Produced,  Imp.  gal  per  day 
Strength,  over  proof" 


1 ,450.9 
68.8 


1 ,805.0 


•08.8  over  proof  rorrespomiruTooJ^Tth 
Smirce;  Sankey  and  Rosten,>rfi  and  Joseph. 


68.7 


7o  ethyl  alcohol  by  volume. 
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For  process  c oiurol,' sugar  clcieriniiiaiioMs  are  carried  out  by 
yeast  lermentatiou  and  nieasureiuent  ol  carbon  dioxide  evolved. 
Alcohol  is  estimated  l)y  a  Raleigh-type  laboratory  distillation  lol- 
lovved  by  measurements  ot  density  or  relractive  index  ol  the  dis¬ 
tillate.  The  litjuor  going  through  the  alcohol  plant  is  reduced  about 
■18%  in  b.o.tl.  -Vlcohol  j)roduct  analyses,  exemj>lilied  by  the  data 
given  in  'Fable  19,  met  or  exceeded  U.  S.  /Vrmy  Specifications  No.  1. 
Sidlur  contained  in  Ontario  Paper  Oomjjany  alcohol  was  lound  to 
be  betAveen  1.1  and  2.1  j^pm  which  is  close  to  the  limit  ol  the 
determination. 


IAule  19.  CHAR.VC  FERIS'FICS  OF  SULFH  F  WAS'FE 


LIQUOR  ALCOHOL  FROM  1  HE  ONIARIO 
PAPER  COMPANY  PLANE  IN  AUCiUST  1911 


08.7 

O.OOO!) 

O.OOOt) 

25) 


C<)u<eiit)(ili(>n,  Canadiun  over  prooj 
Residue  on  evaporation, % 
Residual  aeidity.''% 


I’ci inanganale  lime,  ininuies  25) 

Aldeliydes,  lipm 

I  nsel  oil,  ppm  *- 

Methyl  alcohol  _ 

“  08.8  C.anadian  over  proof  corresponds  to  5)0. ‘1%  ethyl  alcohol  hy  volume. 
“.Sankey  and  Rosten’’^"  reicort  only  1.4  to  2.1  i^pm  of  total  snlfur  found  1)\ 
analysis  of  the  snllite  waste  licpior  alcohol  ordinarily  manufactured. 

'“Kath  day  below  0.1%  which  is  minimum  determinable  cpiantit  v."i 
.Source;  I’rom  loseph”-*  as  averages  over  the  month  of  daily  evaluations. 


.Mcohol  yields  cannot  be  directly  estimated  Irom  the  data  given 
in  I'able  IH,  since  a  jjortion  ol  the  sulfite  licpior  is  u.secl  lor  yeast 
production  in  a  separate  i)lant.  However,  .Sankey  and  Rosen'’*’ 
calculated  from  1948  operations  a  yield  ol  18.8  Imperial  gal  O.P. 
(Canadian)  per  ton  ol  jm!]),  alter  application  ol  the  jn-oper  lactors. 
I  his  cen-responds  to  Ib.b  U.  S.  gals  ol  9(i%  alcohol  per  ton  ol  pulp. 

The  Puget  Sound  Pulp  and  Tiiuher  Company  Plant 

One  major  plant  was  built  in  the  United  States  during  World 
War  11  lor  prochiction  ol  alcohol  from  sulfite  waste  licpior.  The 
Piicc.f  .Sound  Etilo  and  Limber  Company  ol  Relhngham,  Wash- 
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aiul  reduced  jjroduetioii  costs,  diflers  Iroin  jjublishcd  European 
jjractiee  in  the  lollowing  respects:  (ontinuous  How  throughout, 
recovery  ol  sullur  dioxide  by  steam  stripjjiiig,  lermentation  under 
relatively  acidic  conditions,  and  (lash  cooling.  About  9,000  gal  ol 
illO'-pi-ool  ethyl  alcohol  are  jn-odueed  a  day,  Avhich  is  ecjuivalent  to 
a  yield  ol  about  1.^2  lb  S.  gal  ol  95%  ethanol  jicr  ton  ol  jjulp.  (Jon- 
tlitions  and  jjroceduies  (or  jndp  jnoduction  were  in  no  \v’ay  changed 
to  accommodate  the  alcohol  jdant  and  the  cpiality  ol  the  sullite 
waste  liquor  has  remained  very  unilorm  in  composition  and  satis¬ 
factory  for  processing. 

This  jdant  has  been  excellently  described  by  E.  ().  Ericsson'*^  '*'* 
and  others,"*  whose  reports  will  be  closely  j:»araj)hrased  here  under 
the  following  live  headings:  (I)  recovery  and  collection  of  the  liquor, 
(2)  prejjaration  of  liquor  for  fermentation,  (.^)  addition  of  yeast 
and  fermentation,  (-1)  sejxiration  of  the  yeast  for  reuse,  and  (5) 
distillation.  generalized  How  sheet  is  given  in  Figure  21. 


l-y  L.  ().  Lrusson,  them.  En^.  Erogre.u.  43,  Hi5 

Kkcovkrv  ani,  Coi  LKciro.N  <>i-  thk  Liyiiou 

Wliilc  waslicis  were  <iesi,  , 

■naxunun.  iic|u,„  recovery  ,vi,h 

.a.e.,  .ai.„c,s.,scee,  i.ouo.ns.  The.  1::,;*:: 
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waste  liquor  to  a  depth  of  about  4  ft  and  then  the  pulp  and  liquor 
from  a  digester  is  blown  into  and  allowed  to  settle  in  the  tank  con¬ 
taining  the  litpior  so  that  uniform  distribution  of  pidp  over  the 
tank  bottom  is  obtained.  Under  these  conditions,  the  hot  sulfite 
waste  licjuor  drains  from  the  J^tdp  and  is  finally  displaced  with 
water.*"  Wdien  water  breaks  through  the  pid})  bed,  automatic 
controls  detect  the  temperature  drop  and  act  to  divert  the  dilute 
waste  stream  from  the  accejJted  stream  which  amounts  to  more  than 
2,000  gal  of  sulfite  waste  licjuor  j^er  ton  of  jjulj).  I'he  liquor  is  at 
92°  to  93°C  and  has  a  sjjecific  gravity  of  about  1.05  and  a  jjH  of 
about  2.2.  It  contains,  j>er  liter,  120  g  total  solids,  2  g  free  sulfur 
dioxide,  4  g  loosely  combined  sulfur  dioxide,  and  19  g  fermentable 
sugars. 

Preparation  of  the  Liquor  for  Fermentai  ion 

Removal  of  sulfur  dioxide  and  other  toxic  substances  is 
accomjilished  by  j^assing  the  liquor  through  a  ttventy-plate  stain¬ 
less-steel  column  (about  8  ft  in  diameter  and  45  ft  tall)  while  steam 
flows  countercurrently  uji  the  column  to  accomjilish  complete 


F IGURE 


22. 


Liquor  Steam  Stripper  (on  right)  in  a  Pulp-MiU  In¬ 
stallation  (Uourtesy-Puget  Sound  Pulj)  and  limber 
Co.,  Bellingham,  Wash.) 
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removal  ol  the  Iree  suHur  dioxide  and  j^arlial  removal  ol  the 
loosely  combined  sullur  dioxide.  Snllnr  dioxide  and  sleam  lioni  the 
top  ol  the  eolinnn  are  injected  into  the  tligester  cooking  acid  and 
are  thus  reused.  By  this  steam  stripping,  about  20  lb  ol  sullur  are 
reco\'ered  jjer  ton  and  this  ollsets  the  cost  ol  steam  recpiirements. 
.\bout  Vi  lb  ol  steam  is  generally  used  per  gallon  ol  licpior  lecd 
and  the  j)H  ol  the  stripjjed  licpior  is  .S.8  to  9.2. 

.Although  the  acidity  ol  a  sullite  waste  licpior  can  be  sulhciently 
reduced  by  steam  stripping  to  make  lurther  treating  unnecessary, 
most  economical  ojjeration  is  cjbtained  by  addition  cjI  about  .9  lb 
ol  lime  j)er  1,000  gal  ol  sullite  waste  licpior  treated.  1  his  neutrali/a- 
tion  stej)  is  conducted  in  the  alcohol-plant  building  by  adding  a 
10%  slurry  c^l  lime  in  water  to  yield  about  pH  4.5.  Alter  neu¬ 
tralization,  the  licpior  is  cooled  Iroin  about  105°  to  50°C,  using  two 
Hash  tanks,  each  ojjerating  with  a  barometric  condenser  lor  jjrocluc- 
ing  a  high  vacuum,  khuler  these  conditions,  the  licpior  is  con¬ 
centrated  abciut  12%.  I'he  cooled  licpior  is  liltered  to  remove  jnil|) 
fibers  and  then  pumped  tcj  storage  tanks. 


Fica'RK  2.H. 


l  ln.sl,  Conkrs  n„d  Ihe  I>el„nl- 

mn,,  (Couricsy-Puget  S.nnKl  Pul,,  a.Kl  1  Co 

Bellingham,  Wash.) 
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Addhion  of  \'KAsr  and  Kkrmkniahon 

Pcrmeiualioii  is  (onduttccl  Avith  the  yeast  Sa(  charouiyces 
cerevisiae,  using  eiglu  inteiTonneeied  lennentors  oi  8{),()()()-gal 
capacity  each.  I  he  plant  was  started  uj>  by  adding  a  (|uantity  ol 
yeast  obtained  Iroin  a  commercial  source  and  ojjerations  were  con¬ 
tinued  with  yeast  which  grew  up  in  the  lennentors  simultaneously 
with  alcohol  jn'oduction  and  amounted  to  about  25  tons  in  all. 
Fermentors  are  operated  at  .^0°  to  pH  -l.-S  to  4.7,  containing 

about  0.5  to  1.0%  by  volume  ol  suspended  yeast,  with  small  ad¬ 
ditions  ot  nitrogen  as  ammonium  hydroxide.  Licpior  Ironi  storage 
is  mixed  with  measured  amounts  ol  ammonium  hydroxide  and 
yeast  and  then  enters  the  first  lermentor  from  which  it  c^verllows 
to  the  second,  etc.,  through  the  eighth  and  last  lermentor.  From  70 
to  80%  of  the  fermentable  sugars  is  converted  in  the  first  two 
lennentors,  and  about  95%  in  the  series  of  eight.  Fermentation 
time  has  varied  from  12  to  20  hours. 


Fic;urf..  21.  h'ermenlor  Tanks,  Piping  and  Agitators  from  the 
Loumr  Walkicay  (Courtesy-Fnget  Sound  Pulp  and 
Fimber  (fo.,  P>ellingham,  Wash.) 


Control  of  fermentation  consists  of  regular  measurement  ol 
the  sugar  concentration  in  the  licpior  entering  and  leaving  the 
ferme.uors  and  of  the  alcohol  content  of  the  fermented  hcpior. 
Yeast  is  examined  daily  for  viability  and  cell  count. 
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SP'.PARATION  of  I  HF,  ^  FAST  FOR  ReUSE 

For  yeast  recovery  and  reuse,  the  litjiior  Iroin  the  last  lernientor, 
containing  aijont  1%  yeast  by  volume,  is  led  throngh  stainless- 
steel  de  Laval  centrihiges  to  yield  one  stream  containing  about  15% 
ye'hst  by  volume  which  is  returned  to  the  lermentors,  and  a  second 
stream  with  about  0.02%  yeast  which  flows  throngh  storage  tanks 
to  distillation  columns.  Part  of  the  fermented  liquor  is  by-j)assed 
around  the  centrifuges  and  thus  some  yeast  is  not  recycled  to 
avoid  undesirable  accumulations  which  might  develop  if  the  system 
were  a  completely  closed  cycle. 


Figure  25.  Battery  of  Beer  Centrifuges  for  Recovery  of  Yeast  for 

Reuse  (Courtesy-Puget  Sound  Pnlp  and  Timber  Co., 
bellingham,  \Vash.) 


DisTILEA'I  ION 

After  sepanilKiii  of  yeast,  tile  leriMcnted  liquor  is  iiasseil 
through  beer  stills  hy  tneaiis  ol  tvhith  alcohol  is  reniovetl  almost 
completely  Irou,  the  lermeutetl  sullite  waste  li,|uor  which  leave, 
the  hottom  ol  the  colt, mu  as  process  diluent.  These  two  clumus 
tve.e  installed  to  permit  operation  in  parallel  with  one  at  higher 
pressure  than  the  other,  so  that  the  teuiperattire  ol  the  vapor  m  , 
IS  suffic.ently  h.gh  to  permit  the  enthal,.y  ol  vapors  to  he  reusi 
to  generate  low-p.-essme  steam  lor  ope.atiou  of  the  otiL  stiM 
•x—'ling  .o  a  patemeil  p.„cess  of  the  N'uhan  Copper  and  .Supply 
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I  n  d  ust  via  I  I'ertnenta  t  i ons 


(-onipaiiy,  designers  and  inanniaclurers  ol  this  steam-saving  ecjiiip- 
inent. 


Figure  2(i.  Beer  (Did  Stillage  Heat  Rxcitaiigeys,  Shoieiug  Recircu- 
lating-Rinnp  Controls  and  Piping,  xvith  a  Kettle  Still  in 
the  Background  ((lourtesy— Puget  Sound  Pidp  and 
rind)er  (io.,  liellinghani,  W^ish.) 

X'apors  Ironi  tliese  initial  distillation  units  containing  about 
8%  alcohol  by  volume  are  scrubbed  with  sodium  hydroxide  solu¬ 
tion  to  neutrali/.e  and  remove  acids.  Fhe  vapors  then  leed  to  the 
base  ol  the  rectilying  column  Irom  which  alcohol  is  drawn  as  tops 
at  abotit  192°  j)roor.  Fusel  oil,  amotinting  to  about  10  gal  a  day 
anti  comprising  princi|xilly  the  higher  boiling  alcohols,  accumulates 
on  intermediate  plates  and  is  wilhdraAvn  to  an  oil  washei  A\hcie  it 
is  washed  Tree  ol  alctdiol  and  then  deposited  into  storage.  .Mcohol 
Irom  the  rectilying  column  is  then  letl  to  the  purilying  column 
Irom  which  low-boiling  methanol  and  aldehyde  contaminants, 
amounting  to  about  175  gal  a  day,  are  withdrawn  as  “heads.”  The 
higlily  purified  192°  j)rool  industrial  alcohol  is  removed  Irom  the 
bottom  ol  the  column,  d'his  alcohol  is  deposited  in  a  bonded 
warehouse  Irom  which  it  is  withdrawn  and  i)uniped  into  tank  cars 

lor  rail  shij>ment. 
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Figure  27.  Tops  of  Purifying,  Atmospheric  and  Pressure  Beer 
Stills,  with  Beer  Preheaters  and  I'ent  Condensers  Above 
((Courtesy— Puget  Sound  Pulj)  and  Timber  Co.,  Bel¬ 
lingham,  Wash.) 


The  Commercial  Alcohols  Limited  Plant 

This  sulfite  waste  liquor  plant,'*'^  the  newest  in  North  America, 
was  consti luted  in  I9'18--19  at  C»atineau,  C^uebee,  on  a  property 
adjacent  to  mills  ol  the  Canadian  International  Paper  Company. 
The  plant,  which  cost  about  .1i;.H,()()(),0()(),  is  owned  and  operated  by 
Commercial  Alcohols  Limited.  It  was  engineered  by  the  Vickers- 
\'ulcan  Process  Engineering  Company  Limited  of  Montreal.  Design 
production  is  9,()()0  U.  S.  gal  of  95%  alcohol  a  day  from  9()(),()0()  gal 
of  sulfite  waste  liquor. 

The  sulfite  waste  liquor  is  obtained  from  ten  digesters  in  the 
(amadian  International  Paper  Company  plant  which  has  a  daily 
capacity  of  3(i5  tons  of  sulHte  pulp.  Liquor  recovery  is  accom- 
phshed  m  two  itarallel  sets  ol  three-stage  rotary  washers.  These  are 

stel'I'T  ,1"'"'  -''".''r''''  "I 

_teei  ,ith  iul,l,ciH(,vti«i  (Ininis,  each  8  li  i„  ilhiiiielei  l)y  1(1  li  lace 

he  hm  (WO  stage,  each  sc,  ace  . .  Ih,,,,,,.  se,,aca,io„  an. I 

me  tint  It,  lot  pulp  washing. 
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Vhc  recovered  licjuor  is  j)uinj)ed  to  tlie  alcoiiol  plant  where, 
while  remaining  hot,  it  Ihnvs  through  five  1 20,()()()-gal  storage  tanks 
ot  British  (adundjia  fir.  The  li(|nor  is  then  cooled  to  82°F  by 
passing  it  through  thirty-six  heat  exchangers  constructed  with  stain¬ 
less-steel  tid)es  and  steel  shells,  using  cc^lcl,  treated  water  from  the 
j>aper-mill  boiler  house  as  the  cooling  agent  and  returning  this 
heated  water  to  the  boiler  jtlant.  I  he  ccjoled  licjuor  is  next 
neutidlizetl  tcj  pH  5  with  a  slurry  ol  hydrated  lime  which  is  mixed 
continuously  in  appropriate  cpiantity  with  sulfite  waste  licpior  in  a 
stainless-steel  reaction  vessel.  Since  over-all  ecenomics  of  the 
Ciatineau  installation  are  thought  not  to  justify  steam  stripjnng  of 
sidfite  waste  licjuor  for  sidlur  dioxide  recovery,  nu^re  lime  is  used 
than  in  the  Puget  Sotincl  Pidji  and  Timber  (ajinjjany  j^lant. 

I  lie  neutralized  licjuor  is  jmmjied  to  seven  fermentation  tanks, 
each  of  12(),00()-gal  cajiacity  and  made  of  British  (Columbia  fir.  The 
fermentation  is  continuous  and  the  licjuor  flows  in  series  from  one 
tank  to  another  with  a  stainless-steel  jirojieller  agitator  ojierating 
in  each  tank.  From  the  last  lermentors,  the  licjnor  jiasses  through 
eight  tie  Laval  sejiarators  from  which  a  jiortion  cjf  the  yeast  is  re¬ 
covered  and  sent  back  to  the  first  fermcntor.  From  these  sejiarators, 
a  beer,  containing  about  1%  ethyl  alcohol  by  volume,  flows  to  a 
beer  well. 

'File  beer  from  the  yeast  sejiarators  is  jireheated  in  stainless- 
steel  heat  exchangers  and  then  jiasses  to  two  stainless-steel  beer 
stills.  File  first  still,  10.5  ft  in  diameter  by  52  ft  in  height,  is 
ojierated  at  5  jisi  gage  jiressure,  and  the  second  still,  8.5  ft  in 
diameter  by  5.S  ft,  under  vacuum.  Alcohol  vajiors  and  steam  from 
the  jiressure  still  are  used  in  a  stainless-steel  steam  generator  to 
jirovicle  heat  for  the  vactunn  still.  (Condensed  vajiors  from  both 
stills  are  combined  and  sent  to  a  jnirification  column.  This  arrange¬ 
ment  differs  from  that  used  by  the  Ontario  Pajier  Oomjiany  and 
the  Puget  Sound  Pulji  and  'l  imber  (amijiany.  I  he  jiurification 
column,  constructed  comjiletely  ol  Fyjie  5lfi  stainless  steel,  is 
ojierated  under  10  jisi  gage  jiressure  to  yield  a  light  Iraction  ol 
imjmrities,  with  the  dilute  alcohol  j)rocluc  t  as  bottoms.  1  his  alcohol 
jjasses  through  an  8.5  ft  diameter  stainless-steel-clad  rectifying 
column,  ojjerating  under  vacuum  and  heated  by  low-jjressure  steam 
from  the  steam  generatoi.  Fhe  jnodnc  t  is  05%  alcohol  ol  a  grade 
suitable  lot  use  as  antifreeze,  shellac  solvent,  and  other  industrial 
solvent  and  for  chemical  jnir|)ost*s.  kor  a  best-grade  jjiocluct. 
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“Cologne  Spirits,  ”  suitable  lor  cosmetics  and  phai inacentical 
jnoducts,  the  95%  alcohol  is  redistilled  in  two  copper  vacuum 
stills  52  in.  and  54  in.  in  diameter  by  54  It  high. 

The  entire  jnocess  is  automatically  controlled  and  recorded 
w^th  regard  to  How,  pressure,  temperature,  and  liquor  levels,  so 
that  only  three  operators  are  required  per  shift.  Through  extensive 
use  ol  stainless  steel,  maintename  costs  due  to  corrosion  arc  mini¬ 
mized. 

by-j^rodiKt  carbon  dioxide  is  utilized  lor  the  manulacture  of  a 
magnesium  insulating  material  by  a  patented  prcjcess  in  which  a 
slurry  of  magnesium  oxide  or  hydroxide  is  carbonated  with  gas 
from  the  fermentors  and  then  mixed  with  10%  asbestos  fiber.  I'he 
product  is  molded  in  a  machine,  developed  by  the  Johns  Mansville 
(a)rporation,  into  85%  magnesia  slalis  and  pipe  coverings.  Rated 
capacity  ol  the  installation  is  000, ()()()  board  feet  per  year. 


KCONOMIC  ASOKC  l  S 

Since  industrial  jiroduction  ol  sidfite  waste  licpior  alcohol  was 
first  initiated  around  1909,  many  new  plants  have  been  built, 
esjiecially  dining  war  periods.  Most  ol  these  are  located  in  Sweden, 
Finland,  Noiway,  and  Ccrmany.  A  he  annual  production  in  each  of 
the.se  countries  from  1909  to  1948,  along  with  the  years  during  which 
the  new  alcohol  jilants  were  brought  into  production,  has  been 
tabidated  by  Lasscnius.'^"'  In  1945,  it  was  reported'”''  that  the 
annual  sulfite  waste  licpior  alcohol  production  capacity  in  Sweden 
amounted  to  about  .81,600,000  gal  of  95%  alcohol  and  was  con¬ 
ducted  in  thirty-three  plants.  By  1948,  there  were  thirty-four  plants 
in  operation,  with  capacity  to  process  .some  80%  of  the  sulfite  waste 
li<|uor  pnHiuced  in  tliat  <ou,u,y.'«  l„  Germany,  most  sulfite  pulp 
mills  opentlins  with  spruce  wood  n,ili«.<i  sulfite  waste  liquor  to 
piodure  alcohol  which  amounted  to  about  (>,5(KI,(KI(I  eal  per 

>e.n.  The  outlook  lor  alcohol  nianulacturers  in  Finland  has 

been  reviewed.'-” 

In  North  America,  the  three  sulfite  waste  litpior  alcohol  plants 
can  produce  annually  about  7,(1(10,11(1(1  gal  ol  oWe  alcohol.  This 

aooui  .0  gal  pe,  u,„  q, 
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that  production  of  sulfite  juilp  in  1919  was  2,537,081  tons  in  the 
United  States,  1,989,000  tons  in  Canada,  or  a  total  of  4,526,084  tons." 

Two  of  the  North  American  sulfite  waste  liquor  alcohol  plants 
were  constructed  to  supply  alcohol  needed  during  W^nld  War  II. 
I  he  other  plant,  at  Ciatineau,  Quebec,  however,  was  built  alter 
the  war  einergeiuy  by  private  inteiests  and  thus  seems  to  manifest 
that  resjjonsible  j)ersons  believe  that  sulfite  waste  li(|uor  alcohol 
(ould  be  produced,  in  this  Canadian  ])lant  with  associated  in¬ 
dividual  (onditions,  to  compete  satisfa(  toi  ily  with  akohol  entering 
the  market  from  other  sourtes. 

Recent  detailed  costs  of  sulfite  waste  licjuor  alcohol  production 
are  not  available.  Howe\er,  it  is  known  that  to  process  a  licjuc^r  so 
dilute  in  fermentable  sugars,  a  heavy  caj)ital  investment  is  necessary 
for  jjlants.  1  his  amounts  to  about  .fl.OO  j)ei  U.  S.  gallon  capacity 
per  year,  which  suggests  an  amorti/ation  charge  of  about  3  to  5 
cents  j)er  gallon  if  the  jdant  is  amorti/ed  in  20  years.  I  he  relative 
values  ol  some  manufacturing-cost  items  can  be  gained  from  I'able 
20,  showing  some  Cerman  figures  recorded  by  Hill  and  (Campbell, 
who  acted  as  a  British  Intelligence  Objectives  Subcommittee.  1  hese 
are  given  as  the  1942  manufacturing  recpiirements  and  costs  for  the 
Zellstoff  Fabrik  Waldhof  plant  at  Relheim,  Bavaria,  in  which  about 
2,000  gal  of  absolute  alcohol  was  j^roducecl  a  day  from  sj^ruce  jjaper- 
j)ulp  sulfite  waste  licjuor.  Swedish  practice  was  used  and  the  hot 
liquor  was  neutralized,  aerated,  allowed  to  settle,  and  the  sludge 
removed,  fermented  in  a  48-hc)ur  cycle  with  only  limited  yeast 
recovery,  and  distilled  and  rectified  by  the  Drawinol  jjrocess  for 
use  as  motor  fuel,  (kjnsiderable  decrease  in  several  of  these  cost 
items  would  jjrobably  result  liy  introducing  steam  strijjjiing  to 
recover  sulfur  dioxide  and  to  reduce  neutralization  exjjense,  reuse 
of  the  yeast  in  fermentation  to  conserve  nutrients  and  imjnove 
alcohol  yields,  and  reuse  of  heat  in  multiefiect  distillation  systems 
to  lower  steam  costs.  However,  such  installations  would  increase 
ca|)ital  investment  and  thus  amortization  costs. 

Under  North  American  conditions,  costs  of  1  lb  S.  gallon  ol 
95%  alcohol  from  sulfite  waste  licjuor  have  been  estimated  as 
follows:  about  12^*  for  manufacturing  cost  by  M.  M.  Rosten  in 
1943;^"  about  for  manufacturing  cost  by  fk  H.  'Fomlmson  in 
1948;^"”  and  not  less  than  20f  for  jnocluction  cost  by  E.  Ekhohn 
in  1951.'**  d’he  cost  figures  given  by  Ekhohn  refer  to  sulfite  waste 
liquor  alcohol  jiroduced  in  jdants  built  under  1951  conditions 
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l  ABLK  20.  REPOR  I  EI)  1942  REQUl REMENl'S  AND  COSTS 
OE  MANUEAC  rURlNC;  ALCOHOL  FROM  SUL¬ 
FITE  WASTE  LIQUOR  AL  LHE  ZELLSl’OFF 
FARR  IK  WALDHOF  PLAN  F 


N 

Item 

Unit  cost" 

RM  per  100  kg 

Recpdrement  per 

100  1  alcohol 

.\mount,kg  Cost,  R.M 

.Materials: 

W'ood  sugar 

1  ()').! 

1 .45 

2.394 

Lime  from  sugar  mills 

■108 

0.52 

2.122 

.Xinmoiiium  sulfate 

LMM 

1  ().05 

0.327 

.Soda 

1.0 

10.05 

0.101 

Draw  inol 

0.120 

57.50 

0.069 

Potassium  livdroxide 

0.017 

97.50 

0.017 

Stabilizer 

0.00.1 

690.0 

0.021 

Lotal  materials 

5.05 

Operations; 

Neutralization 

2.11 

Fermentation 

2.35 

Distillation 

1 1 .50 

Rectification  to  ab.solute  alcohol 

1.83 

Fotal  operations 

17.79 

Total  manufacturing  costs" 

including  labor  and 

supercision  but  not 

amortization 

22.84 

“  K\[  =  Reicliniaiks.  Conversion  to  U.  S.  ciirrency  was  not  made  since  tliis 
tabulation  serves  to  indicate  the  relative  importance  of  the  several  cost  items 
under  (.erman  conditions.  Labor  pay  rate  was  8t)  Pfg  (0.«()R^r)  per  man  hour. 
.Soiirce:  From  data  given  by  Hill  and  Campbell.*'’"’ 


and  associated  with  mills  maiuilat ttiring  not  less  than  800  tons  ol 
sulfite  ptilji  a  day.  Also,  the.se  cost  hoines  do  not  incltide  Ireight 
and  sales  exjiense  and,  lor  example,  Ireight  rates  lor  industrial 
^ilcohoi  Iroiii  tht  I>a<i(u  Nortlmcst  to  ilte  Midwest  may  amount  to 
as  imidi  as  alioiit  Klf*  pet  gallon  ol  indiistiial  alcohol.  Kof  com¬ 
parison,  Ekholrn  suggests  that  the  cost  ol  maimlactin  ing  alcohol 
horn  molasses,  ,1  this  is  available  at  per  gallon,  may'  he  caicniated 
as  m  l«  galhm  ol  alcohol,  while  the  cost  of  prodncing  syttihetic 
a  cohol  may  rnn  between  12  and  15^  iter  gallon.  Ekholrn  cottcindes 
that  under  ortbnary  cnditions,  sttlitte  waste  lit, no,  alcohol  would 
not  have  been  a  .good  com|tetitor  in  the  |tast  tind  onlv  time  will  tell 
what  the  Intnre  will  bring.  Tonsley”'*  has  also  re, to,  ted  on  the 
economic  a.td  maiket  as,)ects  of  snlltte  waste  lit,nor  alcohol  pro- 
duct, on.  In  consniering  the  whole  ,tict,ne,  it  shonltl  not  he  ovet- 
looked  that  by  lennentation,  the  biological  oxygen  den, and  ol 
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sulfite  waste  liquor  can  be  reduced  to  about  50% which  may 
alleviate  jxillution  problems. 

While  the  best  processing  methods  available  now  seem  (juite 
adequate  Irom  a  technical  point  ol  view,  there  are  no  new  ways 
lor  major  reduction  in  direct-process  costs,  except  in  heat  savings, 
resulting  Irom  conduct  ol  the  lermentation  process  on  a  partially 
concentrated  liquor  which  is  being  evaporated  lor  burning  to  yield 
heat  and  jjerhajjs  process-chemical  recovery.  Indirectly,  however, 
the  economics  ol  sulfite  waste  licjuor  alcohol  production  might  be 
somewhat  inlluenced  by  develojmient  ol  jnoduction  and  sales  ol 
other  products  and  by-jnoducts  such  as  yeast,  carbon  dioxide,  and 
lignin  A  final  factor  to  be  recogni/ed 

is  the  current  trend  toward  construction  ol  new  wood-cellulose 
plants  designed  lor  the  kralt,  rather  than  the  sulfite,  process, 
although  this  trend  may  be  reversed  by  the  achievement  ol  technical 
and  economic  success  in  the  operation  ol  sullite  waste  liquor 
recovery  systems. 
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CHAPIFR  5 


THE  PRODUCTION  OF  ALCOHOL 
FROM  WOOD  WASTE 

Jerome  I'.  Sneman  and  A.  A.  Andreaseu 


riie  carboliycli atcs  rej^resentccl  l)y  sugars,  starch,  and  cellulose 
are  the  world’s  most  plentilid  organic  raw  materials.  ()1  these 
three,  cellidose  is  by  lar  the  most  abundant,  l)ut  is  the  least  uselul 
as  loot!  tor  higher  animals  or  lor  industrial  lermentations.  W^ork 
on  the  production  ol  wood  sugar  has  been  directed  toward  using  a 
waste  material  lor  these  purj)oses. 

Efforts  to  produce  sugar  and  alcohol  Irom  cellidosic  materials 
date  back  to  the  beginning  ot  organic  chemistry.  The  historical  and 
technological  development  ol  this  sidiject  has  been  traced  by  many 
authors  and  is  readily  available.""'*"-"-'''’"'’"  ’'’'^  For  this  reason, 

we  shall  emphasize  inlormation  ot  technical  significance  and  the 
historical  aspects  ot  the  subject  will  not  be  covered  in  detail. 


WOOD  WASl  E  IN  IMF  UNEFEI)  S  EAl  ES 

The  most  comprehensive  study  on  wood  waste  in  the  Lhiited 
States  has  been  made  by  Winters,  (ihiclester,  and  Hall"’  ol  the 
United  States  Forest  Service.  According  to  these  workers,  waste  is 
defined  as  wood  material  from  the  forest  that  does  not  .ipjjeai  fimdly 
in  marketable  products  other  than  fuel,  ft  does  not  include  by- 
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j)i(Klucts  like  lath  or  wood  flour,  iioi'  fuel  wood  (ut  lor  this  j)ur])ose. 

The  cronoinics  of  wood-waste  utili/atioii  is  eonijilieated,"”  since 
the  su])]jly  may  he  located  far  from  the  market  and,  in  some  cases, 
significant  collection  and  transportation  costs  are  iinolved. 

In  19-1-1,  the  commodity  drain  on  the  forests  ol  the  United 
States  amounted  to  188.5  million  tons.  Imports  amounted  to  2.5 
million  tons.  Of  the  total,  only  -13%  ajijieared  as  products  other 
than  fuel.  T  he  logging  waste  amounted  to  -19  million  tons,  only 
7%  of  which  was  used  for  fuel,  and  the  remainder  was  not  even 
removed  from  the  woods.  Primary  manufacturing  ivaste  amounted 
to  52.9  million  tons,  83%  of  which  was  burned  as  ftiel. 

Practically,  the  entire  amount  of  secondary  manufacttiring 
waste,  7  million  tons,  was  burned.  None  of  these  figures  includes 
the  waste  bark,  conservatively  estimated  at  1.8  billion  cu  ft.  I’he 
source  and  disposition  ol  all  this  waste  is  shown  graphically  in 
Figure  28.'"' 
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Lunilic.  prodiKlioTi  anoums  lor  8(1%  of  the  primary  ma.m- 
lat  lur.ng  waste.  I  h,s  provkies  the  most  et.iite.urateti  aiitl  aeeessihle 
somte  ol  material  lor  a  hy-prothitt  iiultistry.  There  are  lumtiretls  of 
lotations  m  the  Umtetl  .States  where  wootl  waste  is  available  at  a 
.  c  ol  1,01,1  a, I  several  hiimlretl  tons  a  day.  This  aeeoitnts  lor 

\Vmt‘e,v’«'!.iv"  <>1  waste  titiliration. 

"  mteis  g,  ,s  data  on  the  regional  tiist,  ibtition  of  wood  waste 
piotltiied  111  liiinbering  operalions. 
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VH\L  COMPOSn  iON  OF  WOOD  AND  U  S  SIGNIFICANCE 

According  to  Wdse,'"”  the  chemical  ingredients  ol  wood  have 
been  classihed  by  Freeman  as  lollows: 

I.  Main  components  oi  the  cell  wall 

A.  Fotal  carbohydrate  iraclion 

1.  Cel  In  lose 

2.  Hemicellulose 

a.  Pentosans 

1.  Xylans 

2.  Arabans 

b.  Ilexosans 

1.  Mannans 

2.  Cducosans 

S.  Cialactans 

c.  LJ iconic  acids 

B.  Lignin 

II.  Extraneous  materials 

A.  V'olatile  oils  and  resin  acids;  volatile  acids 

B.  Fixed  oils  (bitty  oils) 

C.  Natural  dyestufis  and  precursors 

1).  Tannins 

E.  Polysaccharides  and  glycosides 

F,  Ash  (mineral  salts) 

C.  Organic  nitrogen  compounds 

H.  Other  organic  ingredients,  like  resins,  phytcjsterols,  etc. 

The  Total  (.arhohydrale 

The  carbohydrates  ol  the  cell  wall  ol  extractive-lree  wood  have 
been  named  holocellulose  by  Ritter.“"  Fhis  consists  ol  true  cellulose, 
whose  nature  is  typified  by  cotton,  and  a  heterogeneous  mixture 
called  hemicellidose.  Part  ol  the  hemicellulose  is  hydrolyzed  very 
easily.  Due  to  the  heterogeneous  nature  ol  the  total  carbohydrate  ol 
wood,  clean-cut  separation  into  individual  pure  comiionents  is  not 
possible.  Rather,  such  distinctions  as  are  made  are  based  on 
arbitrary  analytical  methods. 

Analyses  by  V'an  Bedum  and  Ritter,"’*  shown  in  table  21,  give 
the  composition  ol  certain  representative  woods.  Fhe  holocellulose 
values  shown  include  alpha-cellulose,  hemicellulose,  uronic  acids, 
acetyl,  and  some  methoxyl.  Fhe  alpha-cellulose  was  determined  by 
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extraction  with  17.5%  caustic, 
The  holocelhilose  value  is  a 
obtained  by  hydrolysis. 


and  the  heinicellulose  by  dilierence. 
measure  ol  the  sugar  that  can  be 


Table  21.  THE  PERCEN  IWGE  COMPOSITION  Ot  CER- 
1  AIN  WOODS 


Lignin 

Holo- 

cellu- 

lo.se 

.Alpha- 

cellu¬ 

lose 

tiemi- 

cellu- 

lose 

I’enlo- 

sans 

Ihonic 

acid 

anhy¬ 

dride 

Methoxyl 

in 

carhoh y- 
,  A cetyl  drate 

AVhite 

spruce 

2().() 

73.3 

49.5 

23.8 

10.9 

2.08 

2.35 

0.70 

Red 

s]>i  lice 

72.9 

48.3 

24.0 

1 1.0 

3.20 

2. .50 

0.92 

Eastern 

hemlock 

.‘5 1 .5 

1)8.5 

48.2 

20.3 

10.0 

3.40 

1.87 

0.84 

Balsam 

lir 

:u).i 

09.9 

44.0 

25.9 

10.3 

3.08 

2  24 

0.41 

Jack  jiine 

27.2 

72.5 

49.5 

23.0 

12.8 

2.92 

1 .92 

0.75 

Aspen 

17.3 

82.5 

50.7 

31.8 

23.5 

4.28 

1.05 

0.93 

Willow 

22.0 

78.3 

Maple 

23..') 

70.3 

50.0 

20.3 

White  oak 

24.1 

75.4 

49.5 

25.9 

The  hydrolysis  ol  the  polysaccharides  ol  wood  yields  lour 
hexoses:  n-glucose,  n-lrnctose,  n-mannose  and  n-galactose;  two  j^en- 
toses,  i)-x\iose  and  L-arabinosc;  and  two  uronic  acids,  D-glncuronic 
and  D-galacturonic  acids,  ^\hth  rare  exceptions,  these  are  the  only 
sugars  derived  Irom  any  plant  polysaccharide.  Their  conhgurational 
relationship  has  been  shown  by  Norman.''^ 

It  is  nsnally  true  that  liardwfKxls  (decidnons  Avoods)  have  a 
loAver  lignin  content  and  thus  a  higher  carbohydrate  content  than 
soltwoods  (conileroiis  woods).  The  alpha-celhdose  ol  most  hard¬ 
woods  and  soltwoods  amounts  to  -45  to  50%.  The  heinicellulose 


content  ol  hardwoods  is  somewhat  higher  than  that  ol  soltwoods  and 
is  markedly  different  in  composition.  T  he  two  main  ingredients  ol 
Avood  jjolysaccharides  other  than  glucose  are  the  jientoses  in  hard- 
Avoods  and  soltwoods  and  mannose  in  soltAA’oods.  Analytical  data 
on  these  constituents  are  available. 

Snr.ARs  IN  Wood  Ha  drolazates 

I'he  sugars  jnesent  in  the  total  hydrolyzate  ol  wood  have  been 
detennined  by  a  number  ol  Avorkers.  HaggluncP®  studied  the  sugars 
produced  in  the  Pergius  process  in  which  nearly  cpiantitative  yields 
(65  to  70%  reducing  sugar)  are  obtained  by  the  countercurrent 
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extrac  tion  oi  wood  with  luming  liydrochloi ic  acid.  'I'he  sugars  were 
obtained  Iroin  a  mixture  ol  spruce  and  pine.  Similar  work  clone 
.It  the  Institute  c)f  Paj^er  (chemistry  on  jack  pine  and  birch  was 
lepoited  by  Lewis  and  Davis. They  used  strong  sidturic  acid, 
jack  pine,  in  these  studies,  gave  a  yield  ol  68.7%  reducing  sugar 
and  birch,  a  yield  ol  70.8%.  The  comjjosition  ol  the  hydrolyzates 
calculated  Irom  the  total  sugar  is  given  in  I'able  22.  The  determina¬ 
tions  ol  glucose,  galactose,  xylose,  and  arabinose  were  made  by 
lermentation  technicpies  and  were  sidjject  to  limitations  ol  the 
method.*^" 


Fable  22. 

c:oMPosrFioN  of 

OF  WOOD 

1  HE  1 OTAL 

HYDROLYZATE 

Birch 

Jack  pine 

.Spruce  and  pine 

% 

% 

% 

cdiuose 

()7.7 

07.0 

01.0 

Mannose 

1.8 

14.1 

24.7 

(.a  lactose 

0.0 

0.2 

4.0 

I-  rnctose 

— 

— 

1.4 

Xylose 

:«).i 

8.0 

8.0 

Ai  ahinose 

0.4 

.‘1.2 

— 

Total 

100.0 

100.0 

100.0 

Sources;  Hagghiiid,'**’’  Suternieistcr,"'^  Wise.'-" 


'The  sugar  obtained  by  the  j)artial  hydrolysis  ol  wood  were 
studied  by  Sherrard  and  lilanco,’"’  and  by  Faucounau.''’  I'he  data 
are  given  in  I’able  2.8.  In  these  cases,  conditions  ol  hydrolysis  were 
so  mild  that  most  ol  the  sugar  was  inoduced  Irom  the  hemicellulose. 
This  accounts  lor  the  relatively  small  amount  ol  glucose.  The 
sugars  jjresent  in  suHite  licjuor  are  derixed  primarily  Irciin  the 
hemicelhdose.  Fheir  composition  has  been  determined  by  Hagglund 
and  coworkers.^”^ 

FAiii.i.  2.8.  1  HE  COMPOSri  ION  OF  SUGARS  OHTAINEl)  BY 

PAR  I  lAL  HYDROLYSIS  OF  WOOD 


W  hite  spruce 
% 

Bordeaux 

% 

C.liKose 

20..S 

.33.7 1 

.Mannose 

37.7 

23.70 

C.alactose 

0.4 

2.80 

Xylose 

13.3 

12.20 

.\ral)inose 

.').4 

7.72 

\'olalile  reducing  suhstauce 

7.0 

___ 

Total 

100.0 

I00..‘14 

Soiircc's:  l  aiicoimati,-'*  Shcriard,  and  Hlanco."” 
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I'hK  PoTKNTIAL  SlKiAR  CONTENT  OF  VVoOI) 

Wood  and  other  lignocelhdoscs  (an  be  evaluated  as  scjurces  ol 
sugar  and  alcohol  by  cjuantitative  saccharification,  followed  by  a 
deterniination  of  the  sugar  fermentable  by  Saccharomyces  cerevisiae. 
(i9,87.s»  Several  woods  have  been  analyzed  in  this  way  with  the 
results  shown  in  4’able  24.  The  various  woods  sIkjw  significant 
differences  in  yield  of  sugar.  Hardwoods  tend  to  give  higher  yields 
of  sugar  because  of  their  lower  lignin  content.  Aspen  is  noteworthy 
in  this  respect  for  its  high  potential  sugar  content  of  75%.  Large 
variations  occur  within  a  species.  For  exanijile,  Douglas-hr  samjiles 
have  been  found  to  vary  between  hi. 7  and  71.4%  potential  sugar.^’ 


Table  24.  YIELD  OF  POTENTIAL  REDUCING  SUGARS 
AND  FERMENTABLE  SUGARS  FROM  SAMPLES 
OF  REPRESENTATIVE  HARDWOODS  AND 
SOFTWOODS 


Species 


Hardwoods 

-American  beech 
Aspen 
liircli 
\Ia|)le 
Red  oak 
Sweet  gmn 
A'ellow  |)o|dai 
Soj  twoods 
l)oi|ii;las  (ii 
Eastern  white  pine 
I leinlot  k 
I’onderosa  pine 
Redwood 
Sitka  spruce 
Sonthern  yellow  pine 
Sugar  pine 


I’olential 

reducing  Eerinent- 

sugars  ability 

%  %  ' 


Potential 

lennentahle 

sugars 

% 


70.1 

77.1 

72.0 

7,7. 1 

7(i..‘? 

7  7.. 3 

00.!) 

(i7.8 

47.4 

08.2 

71.0 

48.4 

OS.O 

(iS.O 

40.2 

tiO.d 

7;k8 

40.0 

70.!) 

70.1 

:74.0 

(il).(i 

8(i.2 

77.4 

00. ,7 

80..‘5 

77.4 

fiO.I 

88.2 

78.3 

(i8.0 

82.2 

77.!) 

72.0 

/  / .  1 

40.4 

70.1 

87.3 

70.8 

04.8 

82.0 

53.2 

04.. S 

82.4 

73.0 

Extraneous  Materials 

ccuains  <a,„o.,ycinae,s  and  .K.iysacd'.anci:: con::",:,:'.:::;;:! 
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yic'ld  ol  sugars  in  wood  hydroly/aics.  4  licsc  include  starch,’ 

sugars,  the  galactaus  ol  Western  lardi, and  glyco¬ 
sides. Excejit  in  rare  cases,  W^estern  larch,  lor  example,  the  amount 
ol  sugar  contributed  is  too  small  tcj  he  ol  significance. 


I  he  nitrogen  content  ol  the  more  common  woods,  growing  in 
the  temperate  /.one,  is  low,  lalling  between  0.1  and  0.8%."”  This 
includes  protein  and  nonprotein  ingredients. 


4'here  is  a  wide  range  in  the  ash  content  of  various  woods. 
Data  on  the  mineral  constituents  of  wood  have  been  compiled  by 
Schorger,””  Hagglnncl,'’"  and  Wise.’-"  The  ash  content  ol  most 
North  American  species  is  below  1%.  Many  elements  have  been 
reported,  but  the  main  ingredients  include  calcium  oxide,  often 
amounting  to  hall  ol  the  total  ash,  and  jjotassinm  oxide,  which 
nsnally  amounts  to  10  to  80%  ol  the  ash.  Phosphorus  pentoxide 
shows  a  large  variation,  but  is  Irecjnently  jnesent  to  the  extent  ol 
5  to  15%  ol  the  ash. 


Oils,  resins,  terjjenes,  tannins,  and  other  extraneous  components 
ol  wood  listed  in  the  classification  given  previously  are  j>robably  ol 
significance  in  determining  potential  applicaticjns  ol  sugar  frciin 
various  woods.  An  extensive  review  of  these  substances  has  been 
presented  by  Knrth.'"" 


I 


agiiiii 


Lignin  is  the  main  noncarbohychate  ingredient  ol  wood  and 
other  j)lants.  It  is  essentially  a  high  polymeric,  aromatic  substance 
and  most  ol  it  remains  alter  all  hydrolysis  procedures  as  an  in¬ 
soluble  residue,  amounting  to  20  to  80%  ol  the  wood.  The 
chemistry  ol  lignin  has  bc“en  reviewed  by  Phillijcs'""  and  Fienclen- 
berg.-" 

A  number  ol  j^roposals  have  been  made  for  the  ntih/.ation  ol 
lignin,  among  which  aie  its  use  in  plastics,”  ’""  as  a  soil  concliticjnei , 
:»«,!)(), 125  production  ol  charcoal, and  in  the  preparation 

ol  Ipclrogenation  proclnc 1  he  snccesslnl  use  of  lignin 
(oidd  have  a  large  eflect  on  the  economics  ol  wood  saccharification. 


I  HEORV  OK  CELLULOSE  HYDROLYSIS 


4'he 
factor  in 


resistance  of  cellulose  to  hydrolysis  is  the  most  impoitant 
determining  the  cost,  the  methods  ol  jn odnctioii,  and  the 
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character  ol  tlie  wood  sugar.  Detailed  studies  on  tlie  kinetics  ol 
cellulose  and  ol  starch  hydrolysis 

31.32,56,70  beeii  made.  An  understanding  ol  problems  ol  wood 

hydrolysis  can  be  obtained  by  comparing  it  with  the  lamiliar  be- 
hlivior  ol  starch. 

Start  h  is  hydioly/ed  commert  ially  at  pH  1.8  to  2.0  untler  30  psi 
steam  pressure  lor  20  to  30  minutes.  ”"  In  order  to  hydroly/e  true 
cellulose  at  a  similar  rate,  it  is  necessary  to  emj)loy  hve  times  higher 
steam  jjressure  and  a  hytlrogen-ion  concentration  roughly  ten  times 
as  great  as  that  needed  lor  starch  hydrolysis.  Extrajjolation  to 
similar  tonditions  indicates  a  difterence  in  ease  ol  hydrolysis  of 
hundretls  or  thousands  of  times. 

Under  ordinary  conditions  ol  dilute-acid  batchwise  hydrolysis, 
the  yield  ol  sugars  Irom  cellulose  is  only  a  little  more  than  one-third 
ol  that  obtainable  Irom  starch.  I'his  is  not  due  to  the  slotver  rate  ol 
sug.ti  pioduction,  but  rather  to  the  lower  ratio  ol  sugar  jjroduction 
to  destine tion,  which  jilaces  a  theoretical  limitation  on  the  maxi¬ 
mum  yield  obtainable. 

HawortlU"  has  suggested  that  the  difierences  between  starch 
and  cellulo.se  can  be  accounted  for  by  their  configuration.  The 
^-glycosidic  linkages  of  cellulose  allow  the  molecules  to  be  stretched 
int„  extemled  chains,  but  in  starcl,  only  a  zigzag  arrangement  is 
possible.  “  Tins  results  in  more  hydrogen  bonding  in  cellulose 
than  in  starch,  and,  thus,  in  lower  solubility,  less  tendency  to  swell, 
and  less  accessibility  to  the  reagent. 


PROCE.SSES  FOR  THE  HYDROLYSIS  OF  WOOD 

All  processes  lor  tbe  hydrolysis  of  wood  fall  into  the  classes  of 
<n.g-acid  or  dihne.achl  niethixls.  In  strong-aciti  methods,  a  I  r  e 

■ . 

Strong-Aoifl  Processes 

. . . 
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for  the  saccharilication  of  agrieultuial  wastes  has  been  descril)ed 
recently.*** 

T  he  Herguis  Process 

I  he  Bergins  j)rocess  makes  use  of  fuming  hytlrochloric  acid, 
wliich  dissolves  cellulose  readily.  I'he  j)rocess  is  based  on  the  early 
work  and  patent  ol  VVillstatter.'*'*  ' Exj^erimental  work  was  carried 
out  in  Germany  and  in  Swit/.ei  land.****'^**  small  demonstration 
plant  was  built  at  Rheinau  in  193^1  and  in  19.87,  the  jnocess  was 
described  by  Berguis.’  In  1910  a  lull-scale  jdant  was  built  at 
Regensburg,  Ciermany.  I  his  plant  used  the  same  process  as  was 
used  at  Rheinau  and  apparently  there  has  been  no  important 
advance  since  that  time.  Information  about  the  operation  of  the 
Regensburg  plant  was  obtained  following  the  end  ol  World  War 
II.”" 

The  Regensburg  plant  has  twenty-eight  50-cu  m  extractors  in 
two  parallel  batteries,  arranged  for  countercurrent  extraction.  Half 
of  the  extractors  are  in  the  process  of  saccharification,  ^vhile  the 
other  half  is  undergoing  washing  to  remove  the  acid  from  the 
residue.  Periodically,  an  extractor  of  washed  lignin  residue  is  dis¬ 
charged,  another  extractor  is  taken  Irom  the  saccharification  and  put 
in  the  washing  process,  and  a  third  extractor  ol  fresh  wood  is  put 
into  the  saccharification  process.  1  he  total  cycle  lor  each  extractoi 
is  55  hours.  4  he  fuming  hydrochloric  acid,  alter  passage  through 
the  series  of  extractors,  contains  .82%  of  carbohydrate  by  s’olume. 
4  his  .solution  is  distilled  under  vacuum  at  8(1^1  Most  ol  the  acid 
is  recov'ered  in  this  way  and  additional  acid  is  recovered  in  ii  spi<iy 
drier. 

The  sjnay-dried  hydrolyzate  contains  glucose,  mannose,  xylose, 
galactcrse,  and  fructose,  mainly  in  tetrameric  form.  One  or  2% 
hydrochloric  acid  remains.  4  his  hydrolyzate  can  be  conveited 
easily  and  without  loss  into  the  monomers  by  dilution  with  8 
volumes  of  water  and  heating  at  I20T:  for  1/2  hour."*  4  he  crude 
product,  consisting  of  tetrameric  .sugans,  can  be  neutralized  and  u.secl 
as  fodder  without  further  hydrolysis.  I  he  sugar  Irom  the  secondary 
hydrolysis  can  be  used  in  a  number  ol  fermentation  processes. 

At  the  Regensburg  plant,  all  of  the  outj>ut  was  in  the  form  ol 
fodder  yeast,  although  successful  alcohol  production  has  been 
demonstrated.  I  he  plant  is  repented  to  have  cost  20,000.909  marks, 
or  about  8,000,000  dollars. 

44ie  yeast,  amounting  to  500  metric  tons  a  month,  was  produced 
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Iroiii  1,000  tons  ol  rcchuiiig  sugar.''’*’'’  4’hc  raw  material  rctjiiirc- 
ments  were  as  follows: 

0,500  Raimi  meters  (1,800  cords) 
100,000  (ubic  meters 
.^00  metric  tons 
100  to  200  metric  tons 
2,-100  metric  tons 
75  metric  tons 
10  metric  tons 
50  metric  tons 
0.5  metric  ton 
8  metric  tons 
15  metric  tons 
17  metric  tons 

The  1X0011  was  obtainetl  as  solid  ivood  rather  than  as  sawdust 
Ol  anothei  loim  ol  waste.  I  his  was  necessary  lor  jJioper  control  of 

the  jiarticle  si/e  in  tlie  diHuser  and  greatly  increased  the  raw- 
material  cost. 


Wood 

Illuminating  gas 

Chlorine 

Lime 

Hard  coal 

Ammonia  liquid 

.Ammonium  sulfate 

Diammonium  jihosjjhate 

1  risodium  phosphate 

Magnesium  sulfate 

Potassium  chloride 

.\ntifoam 


Dilute-Acid  Processes 

Dilute-acid  processes  have  been  used  to  a  much  greater  extent 
than  strong-acid  methods.  In  s]hte  of  lower  yields,  they  have 
economic  advantages,  jiarticularly  in  ]dant  costs. 

4  HK  SlNGLK-SrACE  Ha'I'C.’H  ProcJF.SS 

Tim  pr.Kcss  ol  wood  hydrolysis  rvas  U,e  lost  smcesslid  nietho<l 

lor  n.ak.ng  sogars  Iron.  wood.  U  is  vc.y  simple  an<l,  with  some 

-Mm,vemem.-.  it  ...ay  still  he  etonon.ieally  sound  in  location 
With  a  large  wood  supply.  ‘‘nations 

1  he  process  was  applietl  first  in  a  jilant  at  Georgetown  South 

. 

we.e-  associate.!  .wan, 't  d.e;.''';;i,. "7‘". 

ilecreasc  in  the  priccol  l.l  i.ksii  i,,  ;  "><1'  n 
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presented  an  engineering  study  oi  the  process.'"'  The  cost  ol 
production  was  then  estimated  at  25^-  per  gallon  oi  H)()°  prool 
alcohol,  rhe  operation  oi  such  a  plant  has  been  described  by 
Kressinann.’’’  The  raw  materials  required  ior  the  jnoduction  oi 
.S, ()()()  gal  oi  alcohol  jjer  day  were  estimated  at: 


\\5)od  (dry  basis,  not  over  10%  bark) 

180  tons 

Suliuric  acid  ((>0°  Baume) 

.4.9  tons 

Lime 

2.2  tons 

.Molasses 

150  gal 

Malt  sprouts 

417  11) 

Ammonium  suliate 

175  lb 

At  the  Cieorgetown  ])lant,  the  wootl  was  processed  on  a  1-honr 
cycle  in  ionr  sjjherical  tligesters,  each  holding  4,700  lb  oi  dry  wood. 
I'he  sugar  was  extracted  in  a  battery  oi  eight  150-cu  It  cells,  arranged 
ior  countercurrent  extraction,  .\bont  90%  ol  the  sugar  was  ex¬ 
tracted  to  give  a  solution  containing  about  12%  total  solids,  9% 
retlucing  sugars,  and  6%  lernientable  sugars.  I  his  was  neutrali/ed 
to  4.5  acidity;  that  is,  20  ml  reejuired  4.5  ml  oi  N/10  alkali.  The 
recommentled  tlesign  figure  in  such  a  plant  was  20  gal  oi  alcohol  per 
ton  oi  wood. 

The  yield  obtained  irom  various  woods  by  this  process  has 
been  determined  in  experimental  eqnijjinent  by  Kressmann’^  and 
Sherrard.'"'* 


1’he  Single-Stage  Continloiis  Process 

A  wood-hydrolysis  process  has  been  tlescribed  in  which  a  slimy, 
consisting  oi  8  to  10  parts  ol  ililnte  acid  to  1  pait  ol  sawdust,  is 
pumpetl  through  a  heat  exchanger.''^  ""  ’'’’'^  I'his  has  not  been  used 
commercially,  d’he  process  has  the  disadvantage  oi  giving  dilute 
sugar  solutions  because  oi  the  high  w^ater-to-wood  ratio. 

Pr.RCOLA'l  ION  Proce.sses 

In  the  batchw'ise  hytlrolysis  ol  cellulose,  the  lates  ol  sugai 
production  and  ilestruction  are  oi  similar  magnitudes.  As  a  result 
oi  this,  the  yield  irom  batchwise  hydrolysis  as  ordinarily  jjracticed 
is  only  about  one-third  oi  the  theoretical.  Phe  only  way  to  improve 
the  yield  is  to  make  the  ratio  oi  inodnction  to  destruction  more 
iavorable.  I'he  basic  advantage  oi  strong-acul  hydrolysis,  such  as 
the  Bergius  process,  is  the  high  yield  resulting  irom  a  high  ratio 
oi  production  to  destruction.  Similar  advantages  are  obtainable  in 
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a  dilute-acid  perccjlation  jmoccss  develuped  and  pul  intcj  coniniercial 
use  by  Scholler. 

The  basic  jniiuiple  involves  the  hydrolysis  ot  wood  in  a  pres¬ 
sure  vessel  l^y  a  percolation  jjrocess  in  which  dilute  acid  is  injected 
ii^to  the  top  ol  the  vessel  and  withdrawn  through  a  screen  in  the 
l)ottoin.  The  earliest  develojiuient  was  described  by  Bausch"  and 
Liiers/’^"^  In  this  way,  sugar  jjroduction  and  extraction  go  on 
sinudtaneciusly  and  the  sugar  is  withdrawn  and  cooled  as  soon  as 
possible  alter  it  is  lornied.  The  process  was  originally  intended  to 
make  use  cjI  a  battery  oi  jjercolators  arranged  lor  countercurrent 
extraction.  These  plans  were  later  discarded  in  lavor  ol  percolatcjrs 
operated  sejiarately. 

1  he  countercurrent  saccharihcation  ol  wood  ^vith  sidlur  dioxide 
solutions  has  been  carried  out  recently  by  ,\nt-\\hiorinen.*  "'^ 

The  industrial  development  ol  the  Scholler  jnocess  was 
described  by  Schaal,'*'^  Fritzweiler  and  Rochstroh,^®  Liiers,®®  Scholler, 
and  Fritzweiler  and  Karsch.^''  These  sources  do  not  give  detailed 
information  on  the  jjrocess,  but  in  1945,  ojjerating  details  ol  plants 
in  Tornesch  and  Holzminden,  Germany,  were  obtained.^®  '”’ 

European  Scholler  Process  Plants.  There  are  three  Scholler 
plants  in  Germany  and  one  in  Switzerland.  One  was  reportedly 
built  in  Korea  and  one  was  under  construction  in  Italy.*'”  The 
methods  u.sed  at  the  Tornesch  and  Holzminden  plants  are  similar 
to  those  at  the  other  plants.  The  specihc  details  of  the  ojx'iation 
can  be  obtained  from  the  before-mentioned  references.  Only  a 
summaiy  of  the  procedure  will  be  given  here. 

A  Scholler  plant  contains  six  or  eight  5()-cu  m  digesters,  con¬ 
structed  of  steel  and  lined  with  acid-resistant  tile.  The  diameter 
of  these  digesters  is  2.4  m  and  the  over-all  height  about  18  ni  *•** 
The  top  of  the  digester  has  steam  and  vent  lines^ind  a  line  for  the 
injection  ol  dilute  acid.  The  bottom  is  ecpiipped  with  a  filter  cone 
ami  with  a  <|u,ck-opcning  valve  lo>  discharging  the  lignin  lesidne. 
1  he  thgester  ,s  loaded  with  H  to  1(1  metric  tons  ol  sawdnst,  shaving, 
ami  chips  to  a  density  of  18(1  to  2(1(1  kg  ol  tiry  wood  suhstance  per 
tu  1,1  (ahont  2.5  ih  per  cn  It).  In  ortier  to  reach  this  density  the 
peicoiator  ,s  ft  led  ami  snlijecled  to  a  smiden  stea.ii  shock  to  <, impress 
the  charge.  I  Ins  ,s  repeated  tnitil  the  tiesired  loading  is  ohta  ned 

to  Im'c  'Tc?  '‘r  I  “i-t  ste'nii 

Ihen  nijected  at  a  teniperatnre  lower  than'that  ol  the  iLr::,;:!;: 
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contents  and  the  injected  acid  is  heated  by  steam  Irom  the  bottom 
until  the  desired  temperature  is  reached.  I'lie  solution  is  then 
“pressed”  Irom  the  percolator  by  applying  steam  to  the  top  of  the 
charge.  I  his  (Operation  is  rej^eated  aijjjroximately  nineteen  times 
^\'ith  0.6%  acid  at  temperatures  increasing  to  a  maximum  ot  IH-J'C. 
1  he  total  amount  ol  licpior  obtained  per  percolation  is  about  120 
metric  tons  (120  cu  m)  Irom  10  metric  tons  ot  wood.^’'®" 

1  he  Holzminden  plant,  the  newest  in  (iermany,  made  use  cjt  six 
50-cu  m  percolators.  The  design  ot  the  plant  was  tor  an  outj)ut  ot 
360,000  1  ot  absolute  alcohol  per  month,  using  1,800  metric  tons  ol 
^vood.  During  1913,  the  year  ol  the  highest  production  since  it 
began  ojx'iation  in  1939,  the  plant  operated  330  days  ot  the  year, 
used  90%  ot  the  wood  it  was  designed  to  use,  and  produced  76% 
ot  the  design  capacity  ot  alcohol.  T  he  average  time  recpiired  per 
{percolation  was  nearly  21  hours.  During  1939,  the  first  year  ot  its 
ojperaticpn,  the  yield  was  18.1  1  ot  alcohol  |per  100  kg  ot  wood.  One 
hundred  fitty-five  wcpikers  were  recjuired  to  ojperate  the  |)lant.  It  is 
untortunate  that  the  wttr  c()m|)licated  the  o{)eration  ot  this  {plant, 
since  the  {prcpcess  cannot  be  {pr(p{peiiy  evaluated  with  the  data 
available. 

d'he  wcpcpcl,  chemical,  and  energy  re({uirements  tor  1  month  tor 
ideal  (P{peration  at  the  Hcplzminden  {plant”"  are  as  IcpUcpws: 


Dry  wcpod 
Sulfuric  acid 
(ialcium  cpxide 
(lalcium  carbonate 
Su{per{phos{phate 
.Ammonium  sullate 
.Vntitoam 

rrisodium  {ph(ps{phate 
Hard  c(pal 
Steam 
Whiter 
Klectricity 


1,800  metric  tons 
120  metric  tipns 
90  metric  tons 
1 10  metric  tons 

1 .5  metric  tcpns 

2.5  metric  tcpns 

1 .5  metric  tons 

1 .5  metric  tons 
600  metric  tons 
8,000  metric  tons 
50  cu  m  {pcr  hour 
160,000  kilowatt-hours 


Clreaves'^'^  gives  data  indiiating  a  higher  chemical  ie({uiiement  in 
actual  o{peration. 

The  {plant  at  rornesdi  was  a  denupnstration  {plant  and  it  was 
iKPt  o{perated  on  a  scale  that  woidd  {pnpvide  satislactipry  inlormation 
on  the  ecoiKPinics  ot  the  {proce.ss.  Conpilete  data  on  the  Dessau  {plant 
are  not  available. 
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I'lie  S( holler  j)hinL  at  Eins,  Swil/ei laiul,'’"  " '  has  proved  very 
siKcesslul.  It  was  designed  to  protluee  500, OhO  1  ol  absolute  aka^hol 
per  month,  and  it  regularly  produees  800,000  1.  The  process  is 
essentially  as  described  except  that  the  time  has  been  decreased  and 
tfc  yield  has  been  increased.  I'he  average  yield  at  the  Enis  j^lant  is 
21  1  ol  absolute  alcohol  j)er  100  kg  ol  wood.  4'his  corresponds  to 
55  gal  ol  190°  prool  alcohol  per  ton.  4'his  is  much  better  than  the 
wartime  record  ol  the  German  plant  described,  but  it  is  essentially 
the  yield  predicted  by  Frit/weiler  and  Karsch.^’'  The  Ems  plant  has 
eight  percolators  holding  10  metric  tons  per  charge.  The  monthly 
production  given  belore  recpiires  that  the  j^ercolation  cycle  is  com¬ 
pleted  in  an  average  ol  15  hours. 

Recent  W  ork  on  Wood-Sugar  Production  in  the  United 
States.  In  1935,  the  Clilis  Dow  C4ieniical  CJompany  ol  Martpiette, 
Michigan,  obtained  the  rights  to  the  Scholler  j^rocess  in  the  United 
States.  A  modified  Scholler  process  was  studietl  on  a  j)ilot-jjlant 
scale,  but  it  was  not  used  commercially. 

In  19^3,  the  Whir  Production  Board  recommended  a  study  of 
the  Scholler  j^rocess  by  the  U.  S.  Forest  Products  Laboratory  in  the 
pilot-plant  lacilities  at  Marquette,  Michigan.  The  Vulcan  Copper 
and  Supply  Company  was  requested  to  lollow  the  pilot-plant  opera¬ 
tions  and  to  prejiare  a  process  report  that  could  serve  as  a  basis  lor 
the  engineering  design  ol  a  commercial  jdant.  As  a  result  ol  these 
iin estigations,  the  Whir  Prodiution  Board  recommended  to  con¬ 
struct  and  operate  a  commercial  ]dant  using  the  modified  Scholler 
process  as  insurance  against  jxissible  future  shortages  ol  raw 
materials  lor  alcohol  i>roduction.  In  I91T  design  and  omstruction 
K.S  hc-gun  l.y  ,hc  X'ulcan  Copper  and  Supply  Co.npany  at  Spring, 
icld,  Oicgon.  I  he  jnocess  was  desc  riiied  by  Faith""  "'  and  com- 
l-ared  rvitli  llie  Siholler  ]n(Kess  as  it  was  nsetl  in  C.cnnany.  I  he 
niKaatinn  ol  tins  plant  will  he  tlestrihetl  later  in  this  rhapteh 

The  Wood-Sugay  i  he  pilot-phnu  .tpeituion, 

tegnn  at  Ma.c,nette,  Miehigan,  were  ttanslerred  to  MadLnt  VVis: 
cousin,  rvhere  adthtnnial  work  was  cotnluctetl.  The  details  ol  ilte 
pcocess  tlevtsctl  hy  Harris  and  eoworkers  at  the  Fortt  ihrl  t 
Lahoiatoiy  are  readdy  availahle.*”  In  hriel  the  nro 

. . . - . 
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matcly  2%  is  introduced,  which  is  diluted  to  0.5  to  0.6%  couceu- 
tratiou  as  soon  as  the  average  acidity  iu  the  digester  reaches  that 
value.  Alter  a  short  initial  holding  period,  continuous  injection  ol 
the  dilute  acid  and  withdrawal  ol  the  j^rodnet  is  begun  during  which 
the  temperature  is  raised  gradually  Irom  150°  to  185°C.  A  total  ol 
about  10  parts  ol  water  is  used  per  jiart  ol  wood.  At  the  end  ol  the 
percolation,  alter  the  charge  has  been  drained,  a  large  valve  in 
the  bottom  ol  the  jjercolatcir  is  ojjened  to  discharge  the  lignin  into 

T  able  25.  HYDROLYSIS  OF  WOOD  BY  THE  MADISON 
WOOD-SUGAR  PROCESS 


l  ype  of  wood 
producl 


Hydrolysis 

time 

hours 


•Sugar 

Yield  of  conten- 

sugar  nation 

%  % 


\\’hite-si)rute  chips 
Douglas-hr  chips 
Douglas-lir  sawdust 
l)ouglas-hr  hog  fuel 
Douglas-lir  bark 

Sc.uthern  yellow-pine  wood  waste 
St.uthern  yellow-pine  sawdust 

l*ondero.sa-i>ine  chips 

Eastern  white-i)ine  sawmill  slabs 

W'liite-fir  chips 

Western  white-pine  chips 

Sugar-])ine  chips 

Western  hemlock  chips 
Western  larch  chips 
Western  larch  sawmill  slabs 
I .odgepole-pine  chips 

Spent-turpentine  chijis.  longleaf-pine  stumps 
W'estern  red-ccdai  chips 
Redwood  (hips 

Mixed  southern  oak  shavings 
Mi'ed  southern  oak  .sawdust 
Mixed  southern  oak  .sawmill  w-asle 

S.igar-maple  sawmill  waste 

VJIow-birch  sawmill  waste 

Bet  ch  sawmill  waste  _ 


.3.1 

.54.2 

5.1 

,3.0 

52. .5 

5.3 

3.1 

44.7 

4.1) 

3.0 

38.7 

5.1 

2.1) 

15.3 

2.3 

3.3 

50.0 

4.8 

3.1 

47.5 

4.0 

3.0 

51.5 

5.4 

3.1 

44.1) 

4.0 

3.0 

5.3.8 

5.4 

3.0 

40. () 

5.0 

3.0 

4(>.l) 

4.0 

3.0 

5 1 .5 

5.0 

3.0 

.54.0 

4.1) 

3.0 

42.0 

4.1) 

3.0 

51.0 

4.1) 

3.1 

40.0 

4.8 

3.1 

Iti.l) 

4.3 

3.1 

42.0 

4.0 

3.0 

5 1 .0 

5.0 

3.0 

40.1) 

5.1 

3.1 

42.1) 

4.7 

3.0 

48.0 

4.8 

3.1 

41).5 

5.3 

3.1 

40.5 

5.0 

Source:  Reference  -10. 
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a  receiver.  The  total  percolation  in  the  jhlot  operation  retjnires 
ajijjroxiniately  .S  hours. 

1  he  sugar  solution  reinovetl  Iroin  the  bottom  ol  the  jiercolator 
is  passed  to  a  (lash  tank  where  the  jnessnre  is  reduced  to  80  })si.  The 
sohwion  is  nentrali/ed  and  filtered  at  this  pressure  to  avoid  sid)se- 
(jnent  scaling  in  the  stills.  The  high-temperatiire  neutralization 
has  also  been  loimd  nselnl  in  improving  the  lermentability.^“ 

Harris  and  Keglinger"'’  give  data  on  the  potential  sugar  contents 
ol  various  lorms  ot  wood  waste  and  on  the  sugar  actually  jjroduced 
in  pilot-plant  operation.  I'he  yield  ol  sugar  obtained  Irom  certain 
typical  wastes  is  shown  in  I'able  25.  Douglas-fir  Avaste,  containing 
25%  bark,  yields  0.38  gal  ol  alcohol  per  cu  It  ol  percolatcjr  capacity 
per  percolation.  Idle  actual  reaction  time  in  these  operations  was 
3  hours.  Allowing  lour  such  percolations  per  day,  a  yield  ol  1.52 
gal  per  cu  It  per  day  could  be  obtained.  The  Holzminden  plant  in 
Germany  ivas  designed  to  produce  0.30  gal  per  cu  It  ol  percolator 
capacity  per  day.  The  Springfield  plant  was  designed  on  the  basis 
^1  1.07  gal  per  cu  It  per  day. 

The  Work  of  the  Tennessee  Valley  Authority  on  Wood  Surrar. 
Gilbert,  Hobbs,  and  Levene®^'*  ol  the  Tennessee  Valley  AuthoVity 
liave  studied  a  modification  ol  the  Madison  wood-sugar  jirocess 
with  primary  emphasis  on  the  production  ol  molasses.  Nontimber 
grades  ol  oak  waste  were  used  as  a  raw  material.  I'he  hvdrolyzate 
Irom  hardwoods  generally  is  high  in  pentose  and,  therelore,  less 
desirable  than  soltwood  hydrolyzates  lor  alcohol  production. 

The  pilot  plant  used  in  the  Tennessee  Valley  Authority  studies 
made  use  ol  sim]>ler  ecjuipment  and  was  arranged  lor  the  recycling 
^)1  ddute  liquors,  bhe  process  modifications  developed  in  this  work 
:ne  probably  apjdicable  to  soltwood  hydrolysis. 

1:X1*1:R1  MENTAL  WORK  ON  WOOD-SUGAR 
FERMEN  EAT  ION 

'riie  sugars  |, resent  in  rvuocl  polys;, cel, tu  ides  have  l>een  cliso.sseci 
c  e  f,rst  pa,.,  „l  this  chapte,.  The  to.al  hytlrolyra.es  of  sor.w,'«l' 
„e  l,on,  u  to  88%  lennentable  hy  Sa,rh,nomyres  yeasts.  Shnilar 
ytholyrates  |,on,  ha.tlwootls  ate  fro,,,  ,15  to  75%  fe,„,e„tal,le  -’ 

he  alcohol, e  lm„entat,on  of  softwood  hvdrolvzates  ol>,.,l,.,.,l  I 
i-»ercolation  methods'''  '’^’'*’  shr^T  >  i  i-  *  ••icd  by 

3.46, 151. .58  ji  .  ,  ‘  eimentabdities  ot  about  80% 

the  ,e,„a,„der  being  mainly  tinlei'memable  pentoses. 
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'I'lie  l)acterial  leniientation  ol  such  hydrolyzates  with  Clos¬ 
tridium  hutylicum'"'*  or  Aerobacter  aerogeyies,’’’^  or  tlie  aerol)ic  fer¬ 
mentation  with  Torulopsis,  Monilia  or  Candida,  utilized  90  to  96% 
of  the  total  reducing  substances. 

Successful  wood  sugar  fermentations  have  been  carried  out  in 
the  laboratory  aud  industrially  with  consistent  results  once  tfu 
necessary  fermentation  conditions  were  defined.  T  he  yields,  based 
on  sugar  utilized,  are  similar  to  those  obtainable  from  other  more 
lavorable  substrates,  but  usually  special  treatment  of  the  substrate 
or  acclimatization  of  the  organism  is  necessary  for  satisfactory 
residts. 


Fernientahility  of  Wood  Hydrolyzates 

I  he  literature  on  the  dilute-acid  hydrolysis  of  wood  enijihasizes 
the  fact  that  the  sugar  jiroduced  is  difficult  to  ferment  by  conven 
tional  methods. LeonaixP’^  found  that  yeast  inocula  that  would 
have  been  adequate  for  grain  worts  failed  to  ferment  untreated 
hydrolyzates  unless  a  carefully  controlled  slow-feeding  technique 
was  used. 

The  first  successful  industrial  wood-sugar  production  anti 
fermentation  was  in  the  two  jilants  operated  in  the  LInited  States 
during  World  VV^ar  I.  Sugar  protluction  at  these  plants  was  by  a 
tlilute-acid,  single-stage  batch  hytlrolysis.  I'fie  fermentations  were 
started  by  the  addition  of  wood  sugar  to  a  molasses  metliuni 
inoculum  over  a  period  of  29  hours.  The  fermentations  were  ther 
continued  an  atkfitional  72  hours. Following  this,  Germai’ 
workers  tried  to  correct  the  toxic  character  of  the  diliite-acic 
hydrolyzates. subject  was  reviewed  by  Leonare 
and  Hajny,'^**  who  listed  four  potential  sources  of  toxic  substancesJ 
carbohydrate  dccomjiosition,  lignin  decomposition,  extraiieom 
materials  present  in  wood,  and  metal  ions  from  etpiipment  corrosion 

Reducing  sugars  account  for  about  75%  of  the  organic  materia ' 
present  in  wood  hydrolyzates.  I  he  balance  consists  ol  oiganic 
acids,  dissolved  lignin,  furfural,  hydroxymethylfurfural,  extraneom 
material  from  the  wood,  and  various  unknown  decomposition 


products. 

'The  main  .soluble  decomposition  jnoduct  of  pento.ses  in  the 
presence  of  acid  under  a  wide  variety  of  conditions  is  lurlural,  and 
that  of  hexoses  is  hydroxymethylfurlural,  which  is  readily  conveiteo 
to  formic  and  levulinic  acids.  Fhe  second  acid  is  relatively  nontoxic 
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1  I'hc  automatic  ncutiali/ation  ol  liyclroly/atc  at  iiigli  tciiipcraturc 
I  with  calcium  liydroxicle'*'’  uiuler  inaccurate  control  may  result  in 
I  some  local  overneutrali/.ation.  High  ]jH  at  high  temperature  can 
cause  the  formation  of  many  acids,  aldehydes,  and  other  coinjjounds. 
In^pite  of  this,  the  net  result  of  high-tem|)erature  neutrali/ation  has 
been  favorable. 

Liters  et  ^t/.'**’**’  determined  the  concentration  of  various  sid)- 
stances  retjuired  to  cause  a  25%  inhibition  in  yeast  propagation  or 
in  fermentation,  with  the  results  shown  in  I’able  26.  The  Scholler- 
process  hydrolyzates  were  found  to  contain  furfural  concentrations 
varying  from  0.015  to  0.04  g  per  100  nd  and  higher. 


1  ABLE  26.  TOXlCn  V  OF  VARIOUS  COMPOUNDS  FOR 
'i'EAST 


•Siihstancc 

Furlmal 

■)-H\(ir()\vineth  \  Iturfmal 

Mcnlliol 

lionicol 

f/-lMiicnc 

I’yrogalldl 

IMilorogliuiu 

(Gallic  acid 

laiiiiin 

rerpinc'ol 

t’anilliii 

Kucalyptol 

Source:  I. tiers.  Fries,  Huttinger,  Mor 


Concentration  Cnusin<r  2‘>% 


Inhibiting  Effect 


In  yeast 

In  veast 

projyagation 

fermentation 

g  per  100  ml 

g  i>er  100  ml 

0.1 10 

0.0740 

O.NO 

0.2()00 

0.01 1 

O.OOOt) 

0.0.‘$‘{ 

0.01. SO 

0.002 

0.008.') 

not  tested 

0..S700 

not  tested 

1  ..StiOO 

not  tested 

0.2S00 

not  tested 

0.02.')0 

0.0.*}7 

not  tested 

O.Oti.H 

not  tested 

0.06.') 

not  tested 

,  F.nders,  Kainbacli,  and  A\  ieninger.**^ 


Among  the  treat.,, ents  or  contlitions  fottnti  to  he  aclvantagcons 
.n  reduemg  tox.city  of  hycirolyrates  are:  (I)  .tean.  distillatL,- 
-)  acCmat.rat.o,,  of  the  yeast,'-  (,8)  <lctoxifica,i„n  reactions 
cHigl.t  ahont  ,n  tfie  |,resence  of  actively  fermenting  yeast 

rerctlmt  l^''y“'‘  '’^”'ical 

vciuciions,  treatment  with  lime***”  .s.--- 

nrotf*in<;«”  ow  ..I  •  ’  Piecipitation  with 

‘‘tlsoiption  on  surface-active  materials®®  f/'t  inrro- 
>ng  t  le  pH,  filtering  and  readjusting  the  pH  (8)  use  of  1 

;no™.a.“-  (fi)  adinstntent  t'.f  oxitiatio.ired,, ‘tTo:  ;::;e!;;i!r:r 

y  fl.e  add, non  ol  snlfn,  tlioxide,’-  (l,f)  „oh,i„g 
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pcraturcs  or  neutralization  at  high  tcinjK'iatures,"’'^*'  and  (11)  ex. 
traction  or  sulfide  precijjitation.^ 


^  east  Strains  Adaptable  to  Wood  Sugar 

Johnson  and  Harris’'  investigated  the  ability  ol  twenty  strains 
of  yeast  to  grotv  and  produce  alcohol  on  I)ouglas-hr  hydrolyzate 
The  hydrolyzate  teas  neutralized  and  filtered  at  a  temperature  o. 
apjiroxiinately  l.S0°Ci,  but  was  given  no  lurther  treatment  beyono 
the  addition  of  nutrient  salts.  Experiments  on  yeast  growth  were 
made  with  200  ml  ([uantities  in  shake  flasks,  the  yeast  being 
centrifuged  and  transferred  to  fresh  tvort  daily.  Several  of  the  strains 
grew  poorly  on  the  hrst  transfer,  but  by  the  twelfth  to  fifteenth 
transfer,  all  of  them  utilized  from  79  to  91%  of  the  total  sugar 
d'he  cells  (juickly  became  permeated  or  coated  with  dark-colored 
material,  but  they  remained  active  throughout  the  investigation.  Ij 
apj^ears  that  a  wide  variety  of  yeasts  can  be  grown  satisfactorily  or 


wood  sugar. 


Wood  hydrolyzate  has  also  proved  satisfactory  for  the  produc 
tif)n  of  fodder  yeast  by  aeration.  5’east  strains  such  as  Torulopsi. 
utilis  are  capable  of  utilizing  the  pentoses,  as  well  as  the  hexoses 
under  these  conditions.  I'he  pentoses  in  stillage  from  alcoholic 
fermentation  may  be  utilized  in  this  tvay  to  reduce  the  waste 
disposal  problem. 

The  same  twenty  strains  of  yeast  were  tested  by  Johnson  ant 
Harris  for  their  ability  to  produce  alcohol,  using  the  same  wor 
under  anaerobic  conditions.  An  initial  inoculum  of  1%  of  cel 
volume  was  used  and  the  yeast  teas  centrifuged  and  transferret 
daily.  More  than  half  of  the  cells  became  small  and  discolored,  bu 
the  cultures  remained  active.  Certain  strains  showed  a  very  lov 
conversion  at  first,  but  they  developed  the  ability  to  jjroduce  alcoho 
efficiently  after  twelve  transfers.  All  of  the  strains  eventualb 
utilized  from  77  to  81%  of  the  reducing  sugar  inesent  and  most  o 
them  gave  satisfactory  yields  of  alcohol.  I  his  indKatcs  that  imnn 
yeasts  can  be  adapted  to  wood-sugar  fermentation. 

Harris,  Hajny,  Hannan,  and  Rogers"''  conducted  batch  fer 
mentations  of  Douglas-fir  hydrolyzate  with  Saccharomyces  cercxnsifu 
in  (juantities  of  several  hundred  gallons.  I  he  yeast  was  recoveiet 
and  recycled  in  continuous  transfer,  d  he  alcohol  yield  was  .89.2  n 
40%,  based  on  total  sugar,  and  47  to  47.9%,  based  on  the  fermcntec 
sugar.  The  yield  rose  for  the  first  few  transfers  and  then  remainet 
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••(onstant  througli  the  traiislers.  W^icn  4%  ol  yeast  by  volume  was 
used,  the  Icniientatiou  was  (omplete  in  5*/i  hours. 

In  later  work,‘*“  these  investigat(jrs  conducted  continuous  ler- 
inentations  with  Tornlopsis  utilis.  Six  lO-gal  iermentors,  connected 
in'^series,  were  inoculated  witli  2.%  yeast  and  o])erated  with  a 


Figure  29.  Continuous  Fermentation  of  Wood  Hydrolyzate  by 
Torulcjjisis  utilis  in  six  lO-gal  Tanks 


Figure  .80. 


Reducing  Sugar  in  Each 
mentation  (sixteenth  day) 


Funk  in  Continuous 


Fer- 


150 
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throiiglijnit  ()l  00  gal  a  day.  Alter  the  tenth  day  ol  a  20-day  run, 
HO  to  82%  ol  the  sugars  was  utilized  and  an  alcohol  yield  ol  -10% 
was  obtained,  based  on  the  total  sugar.  Figure  29  shows  the  sugar 
titilizetl  and  the  yield  ol  alcohol  as  the  experiment  jjrogressed. 
Figure  30  shows  the  stigar  concentration  in  each  ol  the  lennentors. 

In  sunnnarizing  the  exj)erimental  work  on  the  lermentation 
ol  dilute-acid  wood  hydrolyzate,  it  is  apparent  that  this  sidjstance, 
becatise  ol  the  presence  ol  toxic  conij>ounds  and  possibly  because 
ol  an  unlavorable  oxidation-reduction  potential,  is  inhibitory  to 
yeast  activity.  This  inhibition  can  be  overcome  by  the  use  ol 
large  inoctda  or  by  other  means  mentioned  previously. 

Experience  to  date  shows  that  wood  hydrolyzates  that  are 
being  convertetl  to  yeast  or  alcohol  are  so  inhibitory  to  other 
microorganisms  that  continuous  lermentations  can  be  carried  out 
lor  a  long  period  ol  time  with  little  trouble  due  to  inlection.  This  is 
an  advantage  that  in  large  measure  coinj^ensates  lor  the  other 
disadvantages  ol  wood  hydrolyzate. 

CX)MMERCIAL  FERMENTATION  OF  WOOD 
HYDROLYZATES 

I'he  first  indtistrial-scale  lermentation  ol  wood  hydrolyzate  was 
carried  out  at  Georgetown,  South  Carolina,  and  at  Fullerton, 
Louisiana. I'he  sugar  was  prodticed  by  the  batchwise  hy¬ 
drolysis  described  jneviously.  CX>ncurrent  exj^erimental  work  was 
described  by  Kressmann.®''  I'he  directions  given  by  Kressmann  lor 
laboratory-scale  lermentation  illustrate  the  best  technique  available, 
a  slow-leed  lermentation  retjuiring  a  total  ol  about  4  days.  The 
technical  and  economic  asjjects  ol  such  an  operation  have  been 
described  by  Sherrard."’^ 


The  Production  of  Alcohol  from  Wood  Waste  at 
the  Springfield  Plant 

,\t  the  Sjjringfield,  Oregon,  j>lant,  it  was  exjjcxted  to  opeiate 
with  continuous  lermentation  similar  to  that  used  in  Einopt.  1  he 
j>lant,  however,  was  never  in  lull-capacity  operation,  not  was  the 
wood  sugar  producetl  at  a  steady  rate.  Consequently,  batchwise 
lermentations  were  carried  out  with  recycling  ol  the  yeast.  This 
method  ol  operation  is  probably  inlerior  to  continuous  operation, 
but  observations  that  were  made  lor  the  batch  operation  are  applii- 
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able  to  wood-sugar  lermentations  in  general.  Because  ol  a  lack  ot 
such  iulormation  in  the  literature,  the  ojieration  will  be  described 
in  some  detail. 

rhe  process  is  illustrated  in  the  flow  sheets  ol  Figures  .51,  .52 
ami  55  and  the  photograjihs  ol  Figures  51  and  55.  1  he  jilant  had 

live  2,000  cu  It  jiercolators,  each  ol  which  held  12.5  tons  ol  bark- 
iree  dry  wood  substance.  The  design  throughput  was  221  tons  ol 
wood  a  day,  Avith  a  production  ol  10,700  gal  ol  190°  prooi  alcohol 
and  800  gal  of  “heads”  fraction.  The  incoming  wood  was  passed 
through  screens  and  the  oversize  material  went  through  a  hammer 
mill.  bin  house  jjrovided  storage  capacity  lor  the  operations  of 
nearly  I  day.  I'he  percolators  were  charged  through  a  16  in.  motor- 
driven  gate  valve  by  a  conveyor  passing  over  a  weightometer.  The 
charge  was  comjjressed  by  steam  shocking,  as  has  been  described. 
The  raAv  material  consisted  of  Douglas-lir  hogged  waste.  Ajjproxi- 
mately  one-tenth  of  the  charge  consisted  of  chips  passing  a  2-in. 
screen.  I'his  was  ])ut  in  the  bottom  to  serve  as  a  filter  bed. 


1  Sr'RTiNG  SCREEN 

2  ShREDOER 

3  FUEL  CONVEYOR 
STORAGE  BINS 

5.  weightometer 

€■  PRESSED  LIGNIN  TO 


FLASH  TANK  CONDENSERS 
16.  WATER  BATCH  HEATER 


12  PERCOLATOR 

13-  SUGAR  LIOUOR  TO 


FLASH  TANK 
K.  SULFURIC  ACID 
15.  HOT  WATER  FROM 


FUEL  CONVEYOR 
7.  VENT 

8  RECOVERED  LIQUOR 


SURGE  tank 
17.  STEAM 


17 


Figi'rf,  51. 


W  ood-H(tndling  and  Percolation  Sections  of  a  Wood- 
Hydrolysis  Alcohol  Plant  (Courtesy-Thc  Vulcan 
Copper  &  Supply  Co.,  Cincinnati,  Ohio) 
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was  accoinplishecl  l)y  means  ol  a  (jiiick-opening  pneumatic  valve  at 
the  bottom  ol  the  percolator.  1  he  acid  hytlrolyzate  was  jjreparetl 
lor  fermentation  by  neutralizing  with  calcium  hydroxide  under  30 


1  SUGAR  LIQUOR  FROM 
PERCOLATORS 

2  LIME  SLURRY 

3  FLASH  TANK 

4  HOLDUP  TANK 
6  FILTER 

6.  GYPSUM  TO  STORAGE 


9.  YEAST  NUTRIENTS 

10.  FILTER 

11.  FERMENTER 

12  BEER  WELL 

13  Clarified  beer  to 
distillation  unit 

14  YEAST  MACHINE 


IB.  EJECTOR 

19.  WATER 

20.  STEAM 

21.  WATER 

22.  flash 

23.  FLASH 


TANK 

TANK 


24.  TO  SEWER 

25.  flash  tank 

26.  FLASH  TANK 

27.  TO  SEWER 

26-  HOT  WATER  1 
PERCOLATORS 


Figurk  32.  Liquor-Preparation  and  Fermentation  Sections  of  a 
Wood-Hydrolysis  Alcohol  Plant  ((Courtesy— I'he  Vul¬ 
can  (a)pper  &  Suj>ply  Co.,  (ancinnati,  Ohio) 


I  BEER  FEED 

2.  SPENT  BEER  10 
SEWER 

3.  BEER  EXCHANGER 

4.  PRESSURE  BEER  STILL 

5.  STEAM 

6  SOFT  WATER 
7.  STEAM  GENERATOR 

6  water 

9.  VACUUM  BEER  STILL 


10-  rectifying  COLUMN 
M.  SPENT  BEER  TO 
SEWER 
12.  WATER 

13  FUSEL  OIL  WASHER 

14.  SOFT  WATER 

15.  PURIFYING  COLUMN 

16.  STEAM 

17.  REBOILER 

18-  CONDENSATE  


19.  ALCOHOt  VAPORIZER 
20  STEAM 

21.  PRODUCT  ALCOHOL  TO 
STORAGE 
22  WATER 


25  WATER 

26.  water 

27.  jet  EJECTOR 

28.  STEAM 
29  WATER 


23.  FUSEL  OIL  TO  STORAGE 

24.  “HEADS"  fraction  TO 


STORAGE 


Figurk  33. 


Distillation  Section,  Fmploying  the  Vulcan  Vapor- 
Reuse  Process,  in  a  Wood-Hydrolysis  Alcohol  Plant 
(Courtesy-Fhe  Vidcan  Copper  &  Supply  Co.,  Cin¬ 
cinnati,  Ohio) 


159 


rhe  Production  of  Alcohol  from  11  ood  Waste 


to  10  psi  steam  pressure.  Pilot-plant  work  had  shown  this  to  give  a 
solution  easier  to  lerinent  and  to  decrease  the  sohd)ility  ol  the 
ealciuin  sullate.  I'he  second  leature  was  particularly  important 


FitaiRE  .S‘1.  Percolation  Section.  J’iezv  of  the  Percolator  Charger 
J’ah/e  and  the  Bach  of  the  Percolator  Panel  from  the 
East  End  of  the  Eifth  Eoor  of  a  W  ood-Hydrolysis 
Alcohol  Plant  ((amrtesy— The  Vulcan  (Copper  K; 
Supply  do.,  (ancinnati,  Ohio) 


Fi(;nRF.  .^5. 


Eermentation  Section.  Yea.st  Separators  in  the  Yei 
Room;  Magne  Yeast  Machine  on  l.ejt  (Camrtesy— 1' 
\hilcan  Copper  &  Supply  Co.,  Cincinnati,  Ohio)  ' 
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\  GO 


in  this  ijlaiit,  because  iwo-siage  beer  stills  were  used,  the  first  of 
which  ojK'iated  luuler  pressure.  I'he  vapors  from  this  still  produced 
steam  in  a  reboiler  lor  the  ojK-ration  of  the  second  beer  still.  Fliis 
system  residted  in  marked  steam  economy,  but  to  avoid  scaling  in 
the  stills,  it  tvas  desirable  to  remove  as  much  calcium  sulfate  as  pos¬ 
sible.  1  he  neutrali/ed  liejuor,  still  under  .SO  to  40  psi  steam  pres¬ 
sure,  passed  through  leaf  filters  and  then  through  a  series  of  four 
flash  tanks  to  cool  it  to  fermentation  temj^erature.  |ust  prior  to 
lermentation,  the  solution  was  fdtered  again  to  remove  a  fine  bhuk 
j)recijjitate  that  separated  on  cooling  and  exposure  to  air.  Wdten 
yeast  was  added  immediately  after  the  second  filtration,  the  solu¬ 
tion  became  lighter  colored  and  very  little  additional  precipitate  was 
formed.  I'he  prejiared  solution  showed  a  titrable  acidity  of  2.0  ml 
of  1  N  sodium  hydroxide  per  100  ml,  and  the  pH  was  between  4.5 
and  5.0. 

Because  of  jnoblems  in  jdant  start-uj)  at  jjartial  capacity,  there 
were  wide  variations  in  the  (juality  of  the  sugar  solutions  produced. 
I'he  most  serious  of  these  resulted  from  excessive  hold-up  time  in 
the  j)ercolator  and  from  inaccurate  control  in  the  high-temperature 
neutrali/ation.  In  sjjite  of  large  variations,  there  was  only  one 
itistance  in  which  the  material  failetl  to  ferment  properly,  and  this 
was  definitely  traced  to  excessive  acidity. 

Regartling  the  nature  of  the  sugar  subjected  to  fermentation, 
it  was  com  hided  that  fermentations  j)roceeded  about  as  predicted 
from  pilot-plant  work.'*""'’’*^  Variable  control  in  sugar  production 
resnltetl  in  varying  rates  of  fermentation,  but  large  variations  in 
(juality  of  the  substrate  could  be  tolerated. 

I'he  yeast  used  at  the  Springfield  plant  was  a  java  molasses 
strain  oi  S(ic(  haroniyce.s  cerevisiae.  d'his  strain,  in  limited  laboratory 
tests  with  plant  hydroly/.ates  at  Sj)ringfield,  gave  results  somewhat 
superior  to  those  obtained  with  strains  of  Torulopsis  or  other 
strains  of  .S',  cereviside  employed  jneviously  in  pilot-j)lant  work.'*-’’^^’ 
The  inoculum  was  grown  in  the  laboratory  in  two  stages  of 
anaerobic  and  one  stage  of  aerobic  lermentation.  The  culture  was 
then  transferred  to  a  Magne  propagator  of  494  gal  capacity  in  the 
jdant.  The  culture  from  the  Magne  proi)agator  was  divided  between 
two  G, 500-gal  propagators  ecpiipped  with  carbon  air  spargers.  I  he 
air  supj)ly  was  sterilized  with  cresol  solution  in  a  s|>ray  tower.  No 
contamination  was  encountered  in  the  yeast-inoculum  production. 
Sufficient  inoculum  was  grown  on  molasses  to  provide  1%  of  yeast 
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by  volume  in  the  lennenting  wood  sugar.  Veasl  was  subset] uenily 
recovered  Irom  the  lermented  beer  and  lecytled. 

In  wood  sugar  lernieniation,  a  yeast-reuse  or  recycling  system 
is  required.  Unless  large  inocula  are  used,  all  lermentation  sto]JS 
oi’^jjroceeds  slowly.  1  he  medium  siqjports  only  a  small  amount  ol 
yeast  multiplication  and  it  would  be  much  too  exj^ensive  to  glow  a 
neiv  inocidum  lor  each  lermentation.  I  he  method  ol  yeast  lec^cling 
employed  at  Sjiringlield  consisted  ol  pumjiing  the  hnished  beei  to  a 
flow  splitter,  which,  by  means  of  constant  head  pressure  and 
orihces,  metered  the  (low  to  five  5,006-gal  jier  hour  centriluges. 
The  yeast  suspension,  comprising  1%  of  the  total  volume,  was  jiut 
directly  into  a  fermentor  or  into  a  storage  tank,  and  the  clarified 
beer  was  put  into  beer  wells  for  distillation. 

The  maximum  number  of  times  the  yeast  could  be  recycled 
was  not  determined.  Different  batches  of  yeast  were  recycled 
eighteen  times  in  70,000-gal  fermentations  without  affecting  the  fer¬ 
mentation  adversely.  The  fine  black  precipitate  formed  in  the 
wort  on  exposure  to  the  air  sejiarated  with  the  yeast  and  caused 
the  yeast  cream  to  become  dark.  This  had  no  apjjarent  effect  on  the 
yeast  activity.  Fermentations  were  carried  out  by  putting  the 
clarified  wort  into  a  fermentor,  to  comply  with  government  regida- 
tions,  and  then  adding  the  yeast  cream.  The  temperature  could  be 
adjusted  only  before  delivery  to  the  fermentation  section. 

Fermentations  jiroceeded  normally  tvlien  1%  yeast  by  volume 
was  employed.  'S'east  multiplication  was  regulated  by  the  addition 
of  urea  and  jihosjihate.  Addition  of  0.02%  urea  and  0.006% 
monosodium  phosphate  by  weight  ivas  sufficient  to  maintain  this 
yeast  level.  Increasing  the  urea  to  0.0.^%  and  the  phosphate  to 
0.008%  resulted  in  a  25%  increase  in  yeast  volume.  No  other 
effect  was  ajiparent.  Satisfactory  fermentations  could  be  obtained 
with  0.7  to  0.8%  yeast,  but  never  with  less.  In  ])lant-scale  fer- 
mentauons,  there  was  no  evidence  of  improved  yield  with  ac¬ 
climatization.  Yields  with  new  yeast  were  essentially  the  same  as 
those  with  yeast  used  many  times. 

The  time  recjuired  lor  most  fermentations  with  1%  veast  by 
volu.nc  was  alK.uc  21  hours.  21, c  cxliciuc  variation  in 'all  ,|,e 
opcat.ons  was  I, on,  Hi  i„  .l„  |,„urs.  I  hcrc  were  no  la.ilitics  lo,- 
connol  ing  the  tc,n|x-rat,ne  tinting  lenncntation.  .Vtttally,  there 
-vas  l.ttle  tentperature  rise  hetanse  of  the  low  sugar  content  an.l  the 
use  or  onts.tle  letauentors.  The  lerntc, nation  tetnpe.atn.es  varied 
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l)ctween  and  9()°F,  and  this  tcinjjciatnrc  range  had  no  apparent 
efleet  on  the  fermentations. 


Fermentation  efficiencies  were  lonnd  to  compare  favorably  with 
l)dot-plant  results.  Ap|)roximately  78%  of  the  sugar  was  fermentahle 
<ind  the  yield  ol  alcohol  basetl  on  lermented  sugar  varied  from  -44 
to  18.5%.  Assnming  a  theoretical  yield  of  51.1%,  fermentation 
efficiencies  of  86  to  95%  were  obtained. 

d’he  fermentation  of  wood  hydroly/ate  at  the  Springfield  jdant 
Avas  carried  out  snccessfnlly.  The  production  of  sugar,  however, 
jnesented  some  problems,  none  of  which  was  considered  funda¬ 
mental  to  the  process.  The  sngar-jjrodnction  method  is  considered 
practicable  anti  research  is  continning  on  the  process.  Present 
research  on  wootl-sngar  utilization  is  directed  toward  making  a 
cf)ncentrate  suitable  lor  animal  leed  or  as  a  source  of  sugar  for 
lodder-yeast  j^rodnetion. 

Analytical  Methods 

The  control  procedures  lor  the  fermentation  are  essentially 
those  emj)loyed  lor  other  alcoholic  fermentations.  These  included 
lirix,  j^H,  titrable  acidity,  yeast  volume,  yeast  viability,  and  alcohol 
tleterminations.  Alcohol  determinations  on  nnfermented  wood 
sugar  solutions  show  a  small  negative  blank,  and  determinations  are 
corrected  for  this.  Sugar  was  estimated  as  glucose  by  the  Shafter- 
Somogyi'”^.  method.  Additional  information  on  the  analysis  of 
wood  sugar  is  available. 


Recent  European  Fernienlalion  Practice 

Four  jjlants  in  Finojie  produced  alcohol  from  wood  hydroly- 
zates  by  (<mtinnons  leiinentation  with  recycled  yeast.  I’his  was  an 
imjjortant  atlvance  in  the  jn'oeessing  of  wood  sugar  and  is  of  general 
interest. 

Ciontinnons  fermentation  on  an  iiulnstrial  scale  is  a  new  field, 
small  amount  of  information  is  available  in  the  German  literature 
on  the  ajj])lication  of  this  proiednre  to  wood  sugar. 1  he 
recyt  ling  of  yeast  in  the  fermentation  of  sulfite  liipior  in  a  (Canadian 
plant'’”'””'**^  and  the  continuous  fermentation  ol  sulfite  liquor  in  an 
Ameritan  jilant*”  have  been  dcstribed.  (See  (Jiapler  1.)  Patents  on 
the  continnons  lermentation  ol  wood  sugar  are  held  l)y  Schollei 
and  coworkers*'”-’-’  and  hy  K a rsch. Further  information  on  the 
German  operations  ivas  obtained  following  WMrld  VV'ar  II  and  has 
been  made  available."-""’’®’""-”* 
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riic  techniques  used  in  Europe  lor  tlie  Icnnentation  ol  Seholler- 
proeess  wood  sugar  varies  somewhat  in  tlie  dillerent  plants.  I'lie 
newest  and  most  sueeesslul  ol  tliese  plants  is  tlie  one  at  Ems, 
Swit/erland,“'’“^  A  more  complete  description  is  available  ol  the 
ne'^^est  German  plant.^’"”"  Idle  discussion  that  lollows  gives  the 
essential  features  common  to  all  Eurojiean  operations. 

LiqtioR  Preparation 

d'he  hot  acid  sugar  solution,  containing  aliout  4%  sugar,  is 
neutralized  with  calcium  carbonate  anti  calcium  hydroxide  and  is 
clarilied  by  filtration^"''’*’"  or  by  settling  and  centriluging.'*’  ""-  d  he 
liquor  is  adjusted  to  lernientation  temperature  by  vacuum  Hashing 
111.112  yj,  py  iieat  exchangers  and  atmosjiheric  cooling  tower.*"’’"" 
d  he  neutralized  solution  has  a  jild  ol  ajiproximately  4.5.  Titration 
of  100  ml  of  this  solution  retjuires  2.25  ml  of  I  N  sotlium  hytlroxitle. 
F ER MENTATION  Eq U 1 P M ENT 

ddie  prepared  wood-sugar  solution  is  jiassed  through  three  to 
live  fernientors  connected  in  series,  dlie  total  working  volume  ol 
the  fernientors  is  one-fourth  to  one-eighth  of  the  daily  litpior  pro¬ 
duction  and  results  in  a  hold-up  time  of  3  to  5  hours.  Each  fer- 
mentor  is  etpiipjied  with  a  small  stirrer or  is  arranged  for 
bidibling  carbon  dioxide  through  the  liquid.’""  "*-  d  he  fermented 
beer  is  passed  throngh  a  bank  of  centrifuges,  where  the  yeast  is 
recovered  and  returned  to  the  first  fernientor. 

Organisms 

d  he  culture  in  use  at  two  German  jilants  was  lound  to  be  a 
mixture  of  Torulopsis  and  other  yeast  sjiecies. d  his  is  a  novel 
culture  for  this  purpose.  At  another  German  plant""  and  at  the 
Swiss  plant,”’”*"  Saccharomyces  wtis  used,  d  he  concentration  in  the 
Swiss  plant  was  maintained  at  5  g  of  fresh  yeast  per  100  ml.  ddiis 
was  sufficient  to  allow  a  3-  to  4-honr  fermentation  that  was  80% 
complete  in  the  first  hour.  Dead  yeast  accounted  for  about  30% 
ol  the  total,  but  it  did  not  accumulate  beyond  that  level,  d  he  yeast 
growth  was  regulated  by  the  concentration  of  the  nutrients.  At  one 
(ierman  plant,  the  liquor  was  prepared  for  lernientation  with  0  01 
to  0.02%  superphosphate  and  0.02%  ammonium  sulfate  When 
I  he  uc,,vuy  „l  ihe  yeasl  fell  „H,  (l.(K15%  ,,1  p<,iassi,Mn  cMIcide  and 

„l  inaKnesn.n,  snilacc  were  use,l“  in  a.Iclitinn  m  ,|,e 
lit  lore-mentioned  nutrients. 

(ioNTAMlNA  1  ION 

W.Kxl-M.gar  sniulinns  sl,„w  an  unusual  resistance  In  inlecti,,,, 
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Ai  the  C;ennan  Hol/niiiulen  plant,  wood  sugar  was  Inoiight  to 
!ci lucntiitiou  tciupci atiire  in  an  ordinary  atinosplicric  cooling  tow'er. 
In  all  ol  these  jilants,  the  culture  could  he  recycled  lor  years  with¬ 
out  replacement.  Reports  Irom  the  Swiss  plant  show  that  practically 
no  bacteria  are  j^resent  in  the  lermented  beer  and  that  the  pH  ol 
the  beer  is  nsnally  within  0.1  pH  unit  ol  the  leed.  Any  bacteria 
that  might  be  ])resent  tend  to  be  concentrated  in  the  beer  rather 
than  in  the  recovered  yeast  cream. 

^'lF.LI)S 

1  he  yield  cjI  sugar  and  alcohol  in  a  Scholler  jilant  was  discussed 
in  19S8  by  trit/Aveiler  and  Karsch.“’  According  to  these  authors, 
100  parts  ol  soltwood  yield  51  jxirts  ol  sugar,  ol  which  41.'}  parts, 
or  81%,  are  lermentable.  I  his  portion  is  converted  to  alcohol  with 
an  88%  lermentation  elhciency  to  yield  2.H.4  1  ol  alcohol.  Plant 
losses  reduce  this  to  22.7  1  as  a  maximnm  practicable  yield. 

Data  on  the  Hol/.minden  plant^'’’’”"  show  that  the  best  average 
yields,  obtained  during  the  second  year  ol  operation,  amounted  to 
19  1  j)er  100  kg  ol  wood.  I’lie  oiieration,  however,  was  undoubtedly 
hampered  by  the  war.  T  he  Swiss  plant  no^v  jjioduces  21  1  ol 
absolute  alcohol  per  100  kg  ol  wood,  and  the  monthly  output  is 
()0%  or  more  above  design  capacity. 

ECONOMICS  OF  ALCOHOL  FROM  WOOD  WASTE 

Fhe  jn'odnc  tion  ol  alcohol  Irom  wood  retjuires  a  greater  invest¬ 
ment  ]jer  gallon  than  alcohol  Irom  any  other  source  with  the 
possible  exception  ol  the  process  based  on  petroleum  gases.'"  7'his 
lact  retjnires  the  plant  to  have  a  high  ca})acity  in  order  to  keep 
lixed  charges  at  a  minimum.  Fhe  cost  ol  raw  material  is  low,  but 
it  recjnires  much  processing  and  in  order  to  have  the  same  output, 
a  jdant  must  handle  more  material  than  in  conventional  lermenta¬ 
tion  jji'ocesses. 

Fhe  economics  ol  the  first  wood-sugar  process  ojx'rated  in  the 
Cnitecl  States  during  World  War  I  have  been  given  by  Sherrard.*"" 
In  1921,  the  |)rotlnction  cost  ol  alcohol  by  this  process  was  estimated 
at  25^'  per  gallon. 

Data  are  not  available  on  the  cost  ol  alcohol  or  sugar  produc¬ 
tion  by  the  Rergins  jirocess.  4'he  one  plant  operated  in  Germany 
jjrothiced  oidy  loocl  yeast.  I’he  cost  data  lor  this,  however,  is  an 
index  ol  the  nselulness  ol  the  jnocess  since  the  greatest  costs  in  the 
jjrocess  resulted  Irom  sugar  j)rochiction.  4'he  plant  investment  alone 
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amounted  to  about  60^  cliarges 

at  20%  of  the  eaj)ital  investment  amount  to  12^'  l)er  lb  ol  yeast  pio- 
duced.  When  high  labor  and  raw  material  costs  are  added  to  this, 
the  process  is  obviously  of  no  interest  under  conditions  in  the 

l^i^ited  States. 

The  Scholler  Avood-hydrolysis  plant  at  Hol/minden,  Cxeimaiiy, 
was  erected  in  19.H8  at  a  cost  of  1.1  million  marks,  or  1,770,000 
dollars.  The  plant  emidoyed  155  men  and  actually  produced  5.2 
million  1  or  850,000  gal  of  alcohol  a  year.^*"-'"  The  labor  required 
was  about  0.4  man-hour  jjier  gallon  and  the  ])lant  investment  was 
.^2.08  per  gal  per  year.  I'he  charges  from  these  two  items  alone  are 
several  times  higher  than  the  total  production  cost  lor  alcohol 
made  from  molasses  in  the  United  States  during  this  jieriod. 

No  cost  data  are  available  on  the  alcohol  produced  in  the 
Ems,  Switzerland,  plant,  but  it  is  known  that  the  production  is  ncjw 
60%  above  design  capacity.*"  '’^  The  Holzminden  plant  outjjut 
was  about  25%  below  design  capacity. 

The  economics  of  the  production  of  alcohol  from  wood  waste 
in  the  Ebiited  States  by  a  percolation  process  has  been  discussed  by 
Faith  and  HalP”'^'  and  by  Harris  and  Beglinger.’*®  The  oj)eration 
of  the  Springfield  alcohol  plant  did  not  provide  data  adetpiate  for 
estimating  the  economics  of  the  jirocess.  Using  the  wood,  labor, 
and  chemical  costs  given  by  Harris  in  1916,  the  ])roduction  cost 
of  alcohol  at  this  plant,  when  ojx'rated  at  design  capacity,  woidd 
be  approximately  .82^  j)er  gallon,  assuming  a  7-year  amortization. 
Expected  production  costs  in  the  Sjuingfield  plant  were  much  lower 
than  those  in  Eurojjean  ])lants  because  of  a  shorter  cycle  time  and 
lower  labor  requirement. 


RESIDUES  AND  WASTES  IN  WOOD  HYDROLYSIS 

In  all  wood-hydrolysis  ])ro(esses,  lignin,  amounting  to  at  least 
50%  ol  the  weight  ol  the  wood,  remains  as  an  insoluble  residue. 
The  only  nujiortant  use  for  lignin  is  as  a  fuel  for  the  plant. 

More  than  1 1  lb  ol  liguin  are  obtained  for  each  gallon  of 
alcohol  produced  in  a  wood-hydrolysis  process.  If  this  lignin  could 
be  sold  at  a  profit  of  1^  per  lb,  a  credit  of  I  %  could  be  ajjplied  to 
the  production  cost  of  each  gallon  of  alcohol. 

Reducing  sugars  amount  to  roughly  three-fourths  of  the  oiPanic 
material  m  wood  hydrolyzate.  The  reducing  sugars  are  about'8()% 
feimentable  by  Saccharomyces.  All  of  the  nonfermentable  residue 
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remains  in  the  stillage  and  constitutes  a  problem  in  waste  disposal] 
1  hints  at  Kms,  Switzerland,''^  and  Dessau,  Ciermany,  process 
the  still  residues  to  jiroduce  a  T orulopsis  lodder  yeast.  This  uses 
nearly  all  ot  the  residual  reducing  material  and  a  significant  amouni 
ol  oiganic  tiiitls.  Lxjieriments  have  been  matle  in  this  country  on 
processing  wood-sugar  still  residues  in  a  similar  manner.^" 

CONCdTISION 

Wootl  hydrolyzates  have  been  fermented  rapidly  and  efficiently 
in  pilot-plant  and  industrial-scale  operations  in  several  countries. 
No  serious  diffit  ulties  in  the  lermentation  are  encountered  when  the 
best  technitjues  available  are  utilized.  The  yields  of  alcohol,  based 
on  fermentable  sugar  jiresent,  are  similar  to  those  obtained  in  the 
lermentation  ot  other  carbohvdrate  raw  materials. 
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CHAPTER  6 


THE  BREWING  INDUSTRY 

Robert  I.  Tenney 


The  industry  centered  around  the  j)reparation  ol  beer  can  truly 
claim  to  be  the  mother  of  all  industrial  fermentations.  Whenever 
and  wherever  man  has  formed  a  civilization  which  left  recoids  foi 
later  study,  we  find  that  he  had  a  fermented  beverage.  The  type  of 
agriculture  in  which  he  engaged  or  contacted  determined  whether 
the  beverage  was  of  a  mead  type  derived  from  honey  or  plant  saps, 
a  wine  type  derived  from  fruits,  or  a  beer  type  derived  from  cereal 

grains. 

Sanskrit  writings  tell  ns  that  the  ancient  Aryans  made  a 
beverage  from  the  fermented  Juice  of  the  moon  plant,  called  soma, 
and  one  produced  in  larger  quantities,  called  sura,  Ironi  tlie  lei- 
mentation  of  an  infusion  of  millet  and  barley.  Irrefutable  evidence 
ascribes  the  preparation  of  a  fermented  cereal  beverage  on  a  pro¬ 
fessional  and  industrial  scale  to  each  of  the  Oriental  and  Air, can 

civilizations.  , 

Tradition  and  mythology  claim  the  gods  taught  man  to  nu.ke 

beer  to  compensate  him  for  the  troubles  he  has  to  endure.  The 
Egyptians  in  2000  H.C.  credited  their  goddess  Osins 
teachings.  The  Greek  historian,  Herodotus,  wrote  about  500  B.  a. 
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treclitiiig  brewing  to  llaccluis.  In  tlie  niicltlle  ages,  tlie  German 
peoples  credited  a  legendary  king,  Ciambrinus,  who  was  supiiosed  to 
have  been  a  consort  ol  Osiris,  with  the  discovery  ol  beer.  I'he  Norse 
god,  Hymer,  was  keeper  ol  the  brew  kettle. 

N  Regarilless  ol  these  legends,  the  recognition  ol  sometliing  worth 
repeating  in  the  ticcidental  sjjontiineoiis  lernientation  nuist  be 
accepted,  it  grew  as  a  household  art  and,  while  households  became 
larger  and  largei  :is  on  leudal  estates,  the  need  lor  specialists  and 
industrialization  was  develojjing  the  practice  into  a  well  defined  art. 
Success  in  the  art  and  batch-to-batch  c|uality  were  j^rimarily  de¬ 
pendent  on  the  rigid  adherence  to  recipes,  a  touch  ol  luck,  and  an 
ability  to  cover  up  llavor  variations  by  the  addition  ol  spices,  herbs, 
and  similar  materials. 

basically,  beer  is  made  today  in  a  manner  so  similar  to  that 
employed  by  the  ancients  that  we  might  say  the  improvements 
have  been  those  develojjing  when  any  art  accejJts  the  assistance 
ol  science  ami  becomes  a  technology,  utilizing  the  best  leatures  ol 
both  art  and  science.  Man  has  learned  to  describe,  define,  and 
measure  many  ol  the  changes  occurring  when  barley  is  converted 
through  malt  to  beer  or  ale.  As  each  jjhase  ol  the  jjrocess  becomes 
well  defined,  it  develojjs  into  a  science.  Hut  .so  many  questions  are 
unanswered  as  yet  that  brewing  is  still  an  art  in  many  resjjects. 

It  was  when  science  was  ajjjjlied  to  brewing  that  the  other 
lernientation  industries  became  |Jo.ssible.  Chemical  science  did  not 
advance  until  relatively  recently  in  comjjarison  to  the  age  ol  the 
brewing  ol  beer.  Instruments  as  basic  as  the  thermometer  and 
hydrometer  were  not  used  widely  until  about  1780.  I  he  brewing 
industry  was  already  5000  years  old  by  then.  Pasteur’s  lundamental 
study,  which  established  that  lermentation  is  an  asjiect  ol  the  lile 
activities  ol  living  yeast  cells,  was  done  because  a  brewery  was 
having  difficulty,  and  his  “Etudes  sur  la  Hiere”  was  only  jmblished 


in  1876. 


From  the  time  ol  Pasteur,  technical  advi 


nice  was  more  rajiid. 


ISievyenes  were  (jiurk  t<,  aclo|H  ll,e  niaciuneiy  wliicl.  was  developed 
m  the  lOdi  century.  .Steam  power,  the  ire  machine,  material. 
Imndhng  e<|n,pmcnt  and  |n,wer.trans,nission  systems  were  eaeerlv 

mem'”  ll"  '’TT"’"  <'l  develop' 

ment.  Hrewmg  lahoratones  snp|,licd  the  «|nip,nen,  U,v  ntany 
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fundamental  studies.  Kinil  Cdnistian  Hansen,  Allred  [orgensen  and 
Pasteur  are  but  a  lew  of  the  men  who  contributed  to  sc  ience  through 
brewery  associaticju.  Arnold'*  has  discussed  in  greater  detail  tlie 
history  of  beer  and  brewing. 

I'cclay,  the  industry  is  conducted  on  a  highly  technical  i)lane, 
utilizing  much  ol  the  art  l)ut  embodying  new  teclmological  de¬ 
velopments  as  rapidly  as  definitions,  ecjuipment,  principles  and 
jneniises  are  evolved.  .Several  publications**'-'^'"  are  available 
which  describe  the  modern  biewing  practice  in  considerable  detail 
and  should  be  consulted  by  those  who  desire  more  inlormation  than 
is  within  the  scope  of  this  discussion. 

.\11  malt  beverages,  beer,  ale,  pcjiter,  stout,  and  malt  tonics,  are 
made  fundamentally  in  the  same  manner.  Figures  .46  and  .47  give 


Fi(;ijre  46.  Annual  Prodndion  of  Mall  liex'erages  in  the  United 

States 


information  on  the  volume  of  production  ol  malt  beverages  in  the 
United  .States  and  other  countries.  II  one  considers  only  the 
brewhouse  portion  of  the  j)roce.s,ses,  various  malt  extracts  and  non¬ 
alcoholic  cereal  beverages  are  also  clo.sely  related  to  the  malt 
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Figure  .H7.  Relative  Volumes  of  World  Beer  Production  for  the 
Year  193  S 


beverages.  'Fhese  beverages  difier  in  character  because  ol  tlie  dit- 
leient  amounts  and  conditions  ol  the  materials  entering  the  process. 
I  he  basic  ingredients  are  malted  barley,  water,  hops,  and  yeast. 
Othei  substances,  called  adjuncts,  are  Irequently  included  for 
modilying  the  flavor,  the  stability,  the  body  characteristics,  and  the 
physical  appearance  of  the  product. 


types  of  beer 

It  IS  the  manner  in  which  the  ingredients  are  ntili/ed  which 
ilclcnnines  whcti.ei  llie  pr.Kluct  is  „Her«l  as  l>ecr.  ale,  simu 
or  by  olher  rlesignalion.  Tl,e  dilFerences  between  these  varieties  are 
not  clear  ent  anti  tnnch  ol  the  tlebnition  tie,, ends  on  the  enstomers’ 
ticeeina.Ke  ol  the  advertised  name.  The  legal  definitions  ol  the 
ntalt  beverages  ate  snlittiently  broad  ttt  pern, it  sonte  tt.nfnsion  in 
tidetbne  cases.  As  a  gentle,  bttwever,  a  brief  tlescription  ttf  tbe 
tain  thatattenslics  ol  the  major  types  will  be  belpinl. 
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Lager  beer  is  tiic  iiiosi  j)icvalcnl  iy])e.  I  lie  terin  lager  means 
"to  rest’’  and  it  indicates  that  the  lennented  lieei  has  aged.  The 
term  is  ajiplied  sjiecifically  to  lieers  produced  with  bottom-ler- 
menting  yeasts  to  distinguish  Irom  toji-lermentation  ales  which  are 
Irecjuently  called  beers  in  some  localities. 

Pilsner  beer  is  a  name  indicating  the  light  character  ol  the 
beers  first  produced  in  Ifilsen,  lUihemia.  I  hese  beers  are  light  in 
body  and  color  and  usually  contain  .H.l  to  .S.8%  alcohol.  .Most 
American  brands  are  similar  to  this  tyjie  and  many  include  the  term 
"pilsner’’  in  their  brand  name,  d  he  true  Pilsner  beer  is  more  hop 
llavorcd  than  most  .\merican  brands. 

Munebner  beer  is  a  name  designating  the  tyjie  ol  beer  originally 
produced  in  Munich,  (ieiinany.  It  has  a  iuller  malt  flavor  and 
darker  color  than  Pilsner  tyjies  and  is  sweeter  clue  to  the  use  of  less 
ho])s.  Little  of  the  beei  offeied  in  the  American  market  is  true  to 
this  type  as  it  is  more  satiating  than  the  ]mblic  desires,  in  general. 

Bock  beer  is  a  traditional  spring  tonic  to  the  beer  market.  It 
is  customarily  brewed  in  the  winter  for  sale  around  Easter  time. 
It  is  considerably  darker  in  color  than  most  other  types  and  is 
frecjuently  sweeter  and  heavier  bodied.  Many  stories  concern  its 
origin  and  source.  Bock  is  the  (ferman  word  lor  goat,  which  is,  in 
turn,  the  (ireek  Aries  or  Zodiacal  sign  lor  .March,  d'his  accounts 
for  the  association  with  a  goat,  (larameli/ed  or  roasted  malt  is  used 
in  its  production.  Originally,  and  still,  it  is  a  festive  beer.  It  is 
heavier  and  more  expensive  to  jjroduce  than  ordinary  dark-colored 
beers  which  arc  generally  made  by  adding  caramelized  malt  or 
sugars  before  or  after  fermentation. 

Ale  is  a  term  Irecjuently  used  interchangeably  with  beer  in  some 
localities,  d'he  English  tyjje  ales  are  jn-ocluced  by  an  infusion  wort 
and  fermented  with  toj)-lermenting  yeasts.  1  hose  true  to  tyjie  ate 
ho|)|jed  at  relatively  high  lates  and  usually  obtain  finther  hoj) 
contac  t  in  the  cellars.  .Mes  Irecjuently  have  higher  alcoholic  contents 
uj)  to  8%  by  volume  though  this  is  not  a  necessary  characteiistic. 
Ale  of  .S.2%  alcoholic  content  is  also  made.  .Mes  are  Irecjuently 
characterized  by  a  sharjK'r  acid  bite  and  a  vinous  flavor  clue  to 
higher  ester  content.  Some  malt  beverages  made  with  bottom- 
fermenting  yeasts  are  sold  and  accej)ted  as  ales  so  that  little  accuiate 
distinction  can  be  made  between  ale  and  beer. 

Stork  ale,  however,  is  always  a  toj)  fermentation  jjiocluct  and 
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lias  a  heavier  original  extract  and  a  resnlting  Idgher  alcohol  content. 
It  is  generally  aged  1  or  2  years  at  temperatures  above  those 
employed  lor  aging  lager  beer.  During  this  time,  it  accpiires  a 
vinous  flavor  and  Irecpiently  a  musty  character.  While  popular  in 
England  and  Canada,  little  stock  ale  reaches  the  Ibiited  States 
market  except  as  a  blending  ingredient  to  flavor  regtdar  beers. 

Stout  and  Tarter  are  typically  English.  'Ehey  are  top  fermented 
usually  from  heavy  worts  produced  without  malt  adjuncts.  Alkaline 
waters  are  frequently  usetl  without  neutrali/ation  and  the  resulting 
jiroducts  are  dark  in  color  and  of  heavy  body,  d'hey  are  not  jiopidar 
selling  items  in  .America  due  to  their  high  alcohol  content  and 
.satiating  effect.  In  the  Hritish  Isles,  they  are  Ireipiently  sold  mixed 
with  tfiinning  ale. 

Kraeusen  beer  is  any  malt  beverage  that  has  received  a  sul)- 
stantial  jiart  of  its  carbon  dioxide  content  through  a  secondary 
fermentation  which  is  accomjilished  after  lagering.  I'his  is  brought 
about  by  adding  about  10  to  15%  of  vigorously  fermenting  wort  or 
sugar  solution  to  the  storage  beer  and  peiinitting  the  fermentation 
to  be  com])leted  in  a  closed  vessel  so  that  the  generated  carbon 
dioxide  remains  in  the  mixture.  Other  beers  are  carbonated  by  the 
injection  of  carbon  dioxide  gas  which  is  collected  for  this  purpose 
during  the  primary  fermentation. 


Present-Day  American  Beers 

Despite  the  atfvertising  claims  of  the  se\'eral  manufacturers  to 
the  contrary,  the  conqxxsition  of  most  beers  offered  on  the  market 
today  aie  iemaikal)ly  similar.  Public  acceptance  and  preference  of 
t)land  Haven'  have  fjecoine  reflected  in  competitive  similarity,  d'he 
l)eers  of  the  east  coast  before  World  W'ar  If  were  sid)stantially 
fieavier  in  body  than  those  of  the  west  coast.  I'odav  local  brewers 
are  in  direct  competition  with  the  large  shipping  producers  and  a 
leveling  influence  has  brought  most  beers  to  a  common  character. 

In  1951,  six  nationally  sold  beers  accounted  for  almost  27% 
(d  the  total  procfuction.  Ehe  eighteen  breweis  producing  over 
,()0(),000  bbls  each,  sold  18%  of  the  total.  In  all,  291  conlpanies 
vvere  operating  .H.Hl  breweries  in  the  United  States  as  of  fantlary  1, 
2.  Exclusive  of  the  5.2%  alcohol  beers  recp.ired  in  some  areas 
and  of  ale.s,  the  average  conipo.sition  of  the  fieer  offered  on  the 
'Market  m  June  of  1952  was  as  follows; 


178 


I udustrial  fermentations 


Hailing 

2.95% 

Alcohol  by  weight 

.^.58% 

Extract 

4.71% 

Original  extract 

1 1.68% 

Sugar  as  maltose 

1.12% 

Sugar  degree 

71.0 

Attenuation 

60.0 

Protein 

0.37% 

Acklity  as  lactic 

0.16% 

pH 

4.4 

(iolor 

2.8 

Carbon  dioxide  volumes 

2.72 

I'hese  figures  were  compiled  by  Walil-Heniiis  Institute  irom  the 
analyses  of  seventy-nine  clifierent  brands.  The  value  of  each  figure 
has  been  weighted  with  respect  to  the  relative  sales  volume  for  each 
brand  to  reflect  public  preference  as  denoted  by  sales  accejitance. 
I'he  sample  rejnesents  71.7%  of  the  protluction. 

R.WV  MAI  TRIALS 

Malt,  within  the  brewing  industry,  is  always  barley  malt. 
While  other  grains  have  been  and  are  malted  for  special  purposes, 
that  made  from  barley  is  used  in  all  beer.  The  malting  process, 
which  is  a  vast  industry  in  itself,  consists  of  the  following  main 
steps.  Cleaned  barley  is  soaked  in  water  to  excite  growth  of  the 
embryo  plant.  I’he  water  is  then  drained  oft  and  the  seeds  are 
germinated  until  the  acrospire  attains  a  growth  equal  to  approxi¬ 
mately  three-fourths  of  the  kernel  length.  This  green  malt  is  then 
carefidly  dried  to  halt  the  growth  and  is  stored  for  future  use.  At 
one  time,  jnactically  all  brewers  germinated  their  own  grain.  This 
jnocess  is  so  unitpie  and  distinct  from  the  rest  of  brewing  that 
specialists  have  taken  over  the  commercial  production  of  malt  for 
most  of  the  industry.  A  few  brewers  in  this  country  ami  in  Europe 
continue  to  prejxire  their  own  malt  because  they  find  it  either 
economical  to  do  so  with  a  view  to  their  volume  requirements  or 
because  it  contributes  to  the  sjjecific  character  of  their  product. 

During  the  malting  j)ro(ess,  the  starch  ol  the  endorsperm 
becomes  melhjw,  en/ymes  are  develojjed,  and  the  flavor  and  color 
ingredients  so  desired  by  brewers  are  lormed.  I  he  utility  .ind 
character  of  the  malt  is  brought  about  by  the  modification  during 
germination  and  kilning.  yVpj)roximately  h5  lb  of  soluble  extiact 
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reaches  the  wort  Ironi  each  100  11>  ot  malt  employed.  The  reader 
interested  in  malting  technology  is  reierred  to  the  several  texts 
available  concerning  this  subject,  lor  example  that  ol  Hopkins  and 
Krause,'*  and  to  recent  literature. 

>  Malt  governs  brewing  processes  primarily  because  ol  its  (1) 
starch  content  as  a  source  ol  extract,  (2)  its  amylolytic  enzymes 
capable  of  converting  this  and  other  starch  into  fermentable  sugais 
and  nonfermen table  dextrins,  and  (.S)  its  jnotein  content  as  a  souice 
of  flavor  and  yeast  nutrients. 

Adjuncts  to  malt  are  chiefly  sources  of  ultimate  sugar  or 
extract.  They  differ  in  the  degree  of  modification  from  starch  to 
sugar  and  in  source.  Rice  and  degerminated  corn  are  used  in  the 
form  of  grits  or  meal.  These  represent  raw  starch  and  will  yield 
close  to  75%  of  the  weight  as  extract  to  the  wort.  Refined  corn 
grits  are  frequently  used  and,  being  more  nearly  pure  carbohydrate, 
will  yield  about  90%  of  the  weight  as  extract.  All  raw  starches 
must  be  gelatinized  by  boiling  before  they  may  be  saccharified  by 
the  amylolytic  enzymes  of  the  malt. 

Prepared  starches  are  also  available  which  have  been  gelatin¬ 
ized  sufficiently  to  permit  attack  by  the  malt  enzymes  without 
previous  cooking.  Typical  of  this  is  flaked  corn,  which  is  preparetl 
by  passing  tempered  corn-hominy  grits  through  heated  pressure  rolls 
so  that  a  thin  sheet  of  gelatinized  product  is  formed. 

Still  further  jnocessing  of  starch  makes  its  various  hydrolysis 
products  available  as  sources  of  wort  extract.  Dextrose  sugar  is 
the  most  refined  and  is  directly  fermentable  without  any  further 


prejiaration.  Siru|)s,  prepared  by  the  corn  wet  milling  industry, 
contain  almost  any  desired  ratio  ot  sugar  to  dextrin  that  the  brewer 
may  wish. 

Adjuncts  were  introduce{l  because  the  six-row  barleys  grown  in 
the  United  States  |)roduced  a  malt  that  has  enough  diastatic  activity 
to  convert  all  of  its  contained  starch  and  more.  The  beer  made  by 
the  incorjKnation  of  adjuncts  is  of  paler  color  than  that  made  from 
malt  alone  and  contains  less  protein.  Because  of  this  lower  protein 
content,  the  beer  has  greater  stability  and  longer  shelf  life. 

Water  n  o[  considerable  importance  to  a  brewer.  Depending 
oti  the  individual  plant  economies  and  recirculation  practices  17 
to  T)  barrels  of  water  are  used  for  each  barrel  of  beer  sold.  The 
average  is  close  to  20,  of  which  approximately  2  are  used  directly  in 
the  process  and  the  rest  for  steam  generation,  cooling,  and  washing. 
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I  lie  niiiicial  ( onijjosiiion  ol  the  walcr  used  in  the  process  has  a 
strong  inllnence  on  the  character  ol  the  heer  produced.  High  car¬ 
bonates  are  resjionsible  lor  the  darker  color  and  heavier  llavor  ol 
beers  made  in  Munich  and  much  ol  the  character  ol  Dublin’s  stout. 
Absence  ol  carbonates,  but  the  presence  ol  calcium  sullate,  is 
resjKmsible  lor  the  light  beers  ol  Pilsen  and  the  pale  ales  jiroduced 
in  Burton,  England.  I  he  jialeness  ol  color,  lightness  ol  flavor  and 
absence  ol  harshness  allected  by  the  Burton  water  is  so  desirable  that 
many  commercial  "Burtoni/ing  salts”  have  been  ottered  to  adjust 
carbonate  waters  to  a  com|K)sition  apjiroaching  that  ol  waters  Iroin 
this  English  area.  It  is  generally  conceded  that  the  most  desirable 
water  lor  brewing  has  a  pH  ol  (1.5  to  7.0  and  the  lollowing  mineral 
composition;  less  than  100  j)pm  ol  calcium  and  magnesium  car¬ 
bonates,  250  to  500  ppm  ol  calcium  sidlate,  and  200  to  300  ppm  ol 
sodium  chloride. 

I’races  ol  magnesium  are  beneficial  to  the  action  ol  the  malt 
en/ymes.  Phosj^hates  are  also  helplid,  but  iron  is  undesirable  over 
1.0  ])jjm.  .V  good  l)eer  can  be  made  Irom  water  which  ditters  widely 
Iroin  this  composition,  but  adjustments  ol  processing  are  usually 
complicated  unless  a  product  ol  individual  character  is  desired. 

Hops  are  the  dried  strol)iles  ol  the  female  vine  Humulus  lupulis. 
They  are  grown  extensively  in  Oregon,  Washington,  Oalitornia,  and 
Idaho.  'Ehe  very  first  use  ol  hops  in  brewing  is  unknown,  but  by 
1000  A.l).  their  use  had  become  rather  common.  Ehey  exert  a 
stabili/ing  ellect  on  beer  and  give  it  an  aromatic  and  imngent 
character.  In  the  United  States,  it  is  customary  to  use  approximately 
Vi  lb  ol  hops  per  barrel  ol  beer.  .\les  are  hoj^ped  at  a  heavier  rate, 
as  much  as  2  lb  per  barrel  in  some  English  jnoducts. 

Hops  contain  tannin  substances  which  are  helplul  in  the 
coagulation  ol  jnotein  degradation  jirodncts  from  the  wort.  Eheir 
alpha-resins  and,  to  a  lesser  extent,  their  beta-resins,  exert  a  pre¬ 
servative  effect  against  many  ol  the  gram-jjositive  bacteria.  Both 
contribute  a  bitter  flavor.  Gamma-resins  are  extracted  also,  but 
they  play  no  lasting  role  as  they  are  precipitated  again  eaily  in  the 
process.  Pectin  found  in  the  hojis  is  thought  to  play  an  imjioitant 
jiart  in  the  loam  retention  ol  the  beverage. 

MASHING  OR  PREP.VRAd  ION  OE  WORl 
Ehe  medium  which  is  lermented  to  jirocluce  beer  or  ale  is  called 
wort.  Ehis  same  substance  is  used  without  fermentation  to  produce 
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malt  sirups  and  similar  products.  It  is  prc])arcd  by  mixing  ground 
barley  malt  with  water  and  allowing  the  diastatic  en/ymes  to 
convert  the  starch  irom  the  malt  and  that  added  Iroin  adjuncts  to 
soluble  sugars  and  dextrins.  I'his  aqueous  extract  is  then  separated 
from  the  undissob'cd  husk  and  insoluble  protein  mattei,  <ind  it  is 
then  boiled  with  hops  lor  flavor.  I'he  process  is  logically  divided 
into  iour  steps.  (1)  cooking  ol  adjunct,  (2)  mashing,  0)  sejiaration, 
and  (4)  kettle  operations. 


Mashing 

I'hree  systems  are  in  vogue  lor  conducting  the  masliing 
ojierations.  Each  has  difterent  means  to  vary  the  tenijieratures  in 
order  to  control  the  relative  quantities  ol  sugar  and  dextrin  ionned. 
I'his,  in  turn,  determines  the  amount  ol  alcohol  and  extract  in  the 
finished  product.  T  he  higher  the  temjjcrature  of  conversion  the 
faster  is  the  reaction,  but  the  lower  the  ipiantity  of  sugar  formed. 


Eigi  kk  .HH. 


Krhliomhil,  helween  the  Te,„ [.erotiiye  „/  Co, wnsinn 
will.  Mull  iind  the  l>rof>oyli„n  of  Siig„y  l■(,y,ln•^l. 
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U  high  alcohol  content  is  desired,  conversions  are  conducted  at 
lower  temperatures  lor  longer  times. 

Single-temjierature  mashing  is  the  i}i fusion  process.  Figure  .SH 
shows  the  percentage  ol  sugar  tormed  in  the  total  extract  obtained 
by  single-temjjerature  mashing.  I  he  time  ol  mashing  varies  to 
allow  comjdete  conversion  ol  all  starch.  In  the  iniusion  process,  the 
ground  malt  and  water  are  mixed  so  as  to  obtain  a  selected  tem¬ 
perature  between  65°  and  75°C  which  is  hekl  lor  approximately  I 
hour  or  until  an  iodine  test  shows  all  starch  to  be  converted.  Wort 
making  tor  beer  is  always  conducted  so  as  to  obtain  complete 
saccharification  before  fermentation  begins.  In  this  respect,  mash¬ 
ing  for  beer  difiers  from  that  of  the  distiller  who  does  not  sterilize 
his  medium  before  fermentation.  Beer  wort  is  sterilized  by  boiling 
before  the  yeast  is  added  and,  therefore,  no  active  amylolytic  enzymes 
are  carried  into  the  fermentor. 

Fhe  infusion  method  is  pojjular  in  England,  in  the  New 
England  states,  and  in  eastern  (Emada  for  the  production  of  ales, 
but  it  is  seldom  used  for  the  production  of  lager  beers  or  in  the 
rest  of  the  industry. 

Continental  Europe  and  areas  inlluenced  by  the  German 
methods,  using  only  malted  grain,  have  used  the  decoction  process. 
Ehis  works  at  several  temperatures  to  enable  enz)inic  or  bacterial 
action  at  more  nearly  optimum  conditions.  Ehe  mash  starts  out 
at  temperatures  near  4()°C  to  take  advantage  of  the  jnoteolytic 
enzymes  of  the  malt.  After  a  rest  of  80  minutes  or  more,  a  portion 
of  the  mash  is  withtlrawn  and  boiled  in  a  separate  container.  Fhis 
hot  mash  is  then  returned  to  the  main  ])ortion,  thus  increasing  the 
temjierature  of  the  whole  mash.  1  his  process  may  be  rej>eated 
several  times,  stopping  at  various  temperatures  for  the  formation  ol 
lactic  acid  (near  5()°C:);  for  high  sugar  content  (60  to  OH'C);  and 
for  rajjid  comj)letion  of  the  saccharification  (close  to  15°C). 

'Fhe  use  of  atljuncts  in  the  United  States  has  led  to  the  develop¬ 
ment  of  the  combination  or  cooker  mash  which  uses  steam  and  the 
boiling  adjunct  to  accomplish  these  temperature  changes.  Figure 
.89  illustrates  a  typical  mashing  schedule  for  the  jnoduction  ol  a 
wort  having  a  sugar  degree  of  aj)j)roximately  70%.  Many  modihea- 
tions  of  this  are  jjossible  and  are  used.  1  he  relative  amount  ol 
sugar  and  consetjuently  the  alcohol  content  ol  the  beet  is  legidatcd 
by  control  of  the  time  interval  in  reaching  the  main  sacchai ilying 
period  and  the  temperature  of  that  period.  I  he  faster  the  tern- 
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pcraturc  rise  or  the  higher  the  conversion  teinjjerature,  ilie  less 
sugar  and  more  nonfernientable  dextrins  will  be  tonned.  '1  he  rela- 


Fi(;i;re  .HD.  Typical  Mashing  Schedule  for  an  Adjunct  Beer. 

lionship  ol  sugars  to  nontermentables  is  exjjressed  as  “sugar  degree.” 
I  his  lepresents  the  Iraction  ot  total  extract  which  is  in  the  torin  of 
reducing  substances  calcidated  as  maltose  and  exjjressed  as  jjcr- 
(entage.  I'he  alcohol  content  and  beer  body  are  controlled  through 
m<inij.)ulation  ol  the  total  extract  in  the  wort  and  ol  the  sugar 
degree  of  that  extract. 


Separation 

I  he  won  ;iiul  grain  residues  may  Ire  sepaialerl  hy  use  of  a 
filter  press,  (enlrifuge  or,  more  eommouly,  a  straining  tank  (lanter 
tnh)  .At  limes,  the  straining  is  comlnited  in  tlie  same  vessel  in 
which  the  starcli  conversion  lakes  place.  slotted  or  perforated 
lalse  hottoiii  111  the  tank  permits  tlie  wort  to  inn  out,  retaining  the 
gtains  as  a  filter  lied.  Filter  presses  allow  the  use  of  a  tnore  Lely 
Rtotind  tnali,  increasing  the  yiehl.  They  are  employed  it,  many 
eweries.  (.entnlnges  have  been  nsetl  in  the  .Standinavian  cotintriesy 
tit  have  not  been  adopted  in  the  Utiited  .States  chiellv  hecanse 
the  advantages  do  not  outweigh  the  extra  power  consumption  and 
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the  cost  ()1  re])la(ing  still  servi(eal)lc  ctjuipnicnt.  llrew  kettles  and 
straining  tanks  in  a  nioclern  brewery  are  jhcturecl  in  Figure  ‘10. 
I'he  separation  ol  the  wort  distinguishes  mashing  lor  beer  or  ale 
Irom  mashing  lor  whiskey  or  akohol.  T  he  next  step  ol  wort  or 
media  boiling  is  another  ditterence. 


Fkuirk  10.  Brew  Kettles  and  Straining  Tanks  (dourtesy— Blat/ 
Ihewing  do.,  Milwaukee,  Was.) 


Wort  Boiling 

Wort  is  boiled  in  a  vessel  ecjuipjjed  with  a  steam  jacket,  coils, 
or  a  jjercolator.  During  this  jnocessing  step,  a  jK)rtion  ol  the  ]M()tein, 
which  was  hytlrolyzed  during  malting  and  mashing,  is  coagulated. 
'This  Iraction  woidd  make  the  beer  turl)itl  il  not  removed.  Some 
caramel  is  formed  during  boiling  and  the  wort  becomes  both 
sterilized  and  concentrated.  Flops  arc  added  at  various  stages  ol  the 
boiling  to  serve  a  multijde  purpose.  I'hey  a.ssist  in  albumin  coagula¬ 
tion,  act  as  a  preservative  against  gram-iK)sitive  bacteria,  aid  in  loam 
formation,  and  contribute  llavor.  Fhe  method  of  blending  and 
adding  the  hops  controls  the  extraction  ol  the  resins  and  volatile 
oils.  It  is  subject  to  limited  chemical  control  and  remains  a  jiart  ol 
the  industry’s  artistry. 

Alter  the  h<>|)S  tintl  iiuith  of  the  coagtihited  stihstiiiues  litive  hecii 
removed  hy  ti  strai.icr,  the  woi  t  is  aerated  and  moled.  variety  ol 
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equipment  is  used  lor  (his  in  clitterent  plants  and  air-conditioning  is 
eonuuon.  Double-pipe  enclosed  heat  exchangers,  plate  coolers  and 
open  or  Haudelot  coolers  are  all  employed  lor  this  purpose.  Asejisis 
at  this  process  iioint  is  critical  and  the  design  is  (juite  an  important 

hibtor  in  brewer)'  quality  control. 

Wort  filtration  has  become  a  rather  popular  step  recently.'^ 
Albumins,  hop  resins,  and  mineral  precipitates  will  settle  irom  cold 
wort  and  are  Irequently  eliminated,  in  part,  by  pumping  the 
contents  ol  a  lermenting  tank  into  another  tank  the  second  clay  ot 
fermentation.  Filtration  before  the  yeast  is  added  avoids  the  neces¬ 
sity  for  settling,  gives  a  cleaner  yeast  crop,  and  facilitates  clarification 
of  the  beer  after  fermentation.  As  frec|uently  jnacticed,  however, 
danger  of  infection  may  be  introduced  by  exposing  the  wort  before 
and  during  the  filtration  without  any  protection  from  a  vigorous 
yeast. 

Pilot-])lant  ecjuijjiuent  for  carrying  out  all  mashing  ojjerations 
of  the  brewhouse  is  shown  in  Figure  dl. 


Fi(;ijrf.  dl. 


1)1  ewiiouse  hqni pment  in  an  Experimental  Brewery 
(C.ourtesy— Wahl-Flenius  Institute,  Clhicago,  111.) 


^  FAS  l  CUL  l  URKS 


Organisms 
malt  beverages 
include  both  to 


euq>loyed  in  fermentations  fin  the  production  of 
ate  various  species  and  strains  ol  true  yeasts.  1  hey 
p-  and  bottom-fermenting  strains.  Fhis  distinction 
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depends  on  wheilier  ihe  yeast  rises  to  the  top  or  settles  to  the  l)ottoin 
ot  tlie  Icnnenting  tank  during  the  active  lernientation  period.  Top 
yeasts  are  not  nonnally  used  except  in  ale  production,  but  both  ale 
and  lager  beer  are  made  with  bottom  yeasts. 

Prior  to  Pasteur  and  Hansen  the  yeasts  used  by  brewers  had 
been  selected  irom  sjjontaneous  lermentations.  liy  long-continued 
use  and  rejicatetl  trading  between  brewers,  it  is  logical  to  assume 
that  only  a  lew  actual  varieties  were  in  use.  These  had  largely  lost 
their  power  to  sporidate  and  Avere  known  as  “cidture”  yeasts. 

•Mter  Hansen’s  isolations  and  development  ol  the  pure  culture 
tedinicjue,  a  better  definition  and  distinction  of  strains  became  jjos- 
sible.  The  microorganisms  of  fermentation  have  been  discussed  bv 
forgensen.*'  Totlay,  several  hundred  yeast  strains  suitable  for  breAV- 
ing  are  in  the  collections  maintained  by  most  brenving  laboratories, 
such  as  Institut  fiir  Cdirungsgewerbe  in  Berlin,  Carlsberg  Labora¬ 
tories  in  Cojienhagen,  and  Whihl-Henius  Institute  in  (diicago.  These 
original  isolates  for  plant  use  are  developed  in  quantities  sufficient 
to  inocidate  pure  culture  aj)paratus.  .\p]jroximately  thirty  of  the 
four  hundred  breAvers  in  the  United  .States  (j|)erate  pure  culture 
CAjiiijiment  of  their  oAvn.  The  others  secure  yeast  j)eriodically  from 
those  Avho  have  the  etjuipment,  Iretjuently  under  the  sujjervision  ol 


one  of  the  breAving  stations. 

One  breAV'cr  may  retain  a  culture  Avithout  renewal  lor  several 
years,  .\nother  may  change  yeast  stock  every  Ic'av  months.  1  he 
fretjuency  depends  on  the  Aigor  imparted  to  the  yeast  by  the  Avori 
fermented  and  on  the  amount  ol  contamination. 

Since  bacterial  cells  are  lighter  than  yeast  cells,  they  can  be 


ellectivcly  washed  from  a  yeast  dei)osit  by  simple  settling  procedures. 
Ajjproximatcly  .S  lb  of  licpiid  yeast  are  recovered  from  a  fermentor 
for  each  jmund  originally  added.  I'he  yeast  for  pitching  one  breAV 
comes  from  an  earlier  one.  1  he  excess  yeast  is  a  valuable  by-protluct 

Avhich  too  frcqtiently  is  discarded. 

It  is  interesting  to  sjjcculate  on  the  ])ossibilities  of  hybridi/ing 
yeasts  to  combine  optimum  fermenting  properties  Avith  Avhatever 
combinations  of  enzymes  are  desired.  Lindegren*'^  (see  also  (Jiaptei 
13  of  Volume  1 1)  and  others  have  been  able  to  control  the  enzymic 
abilities  of  hybrids  produced  through  stimulation  of  sexual  rathei 
than  asexual  re|)rodu( tion.  d  o  date,  none  of  these  artificial  stiains 
has  been  used  commercially  by  breweries,  although  theii  potentiali¬ 
ties  are  recognized. 
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CONT  AMINATION  PROBLEMS 
Won  has  a  natural  resistance  to  many  inlectious  niicio- 
cganisins.  Its  low  pH  (5.(1  to  5 A)  is  too  aciti  lor  the  tlevelop.nent 
of  most  bacteria  anti  the  liop  resins  exert  a  preservative  action 
ajainst  those  which  are  gram  positive.  .\s  the  yeast  ra|)iilly  con- 
sunies  the  nutrients,  denying  them  to  less  vigorous  competing  oi- 


ganisms,  alcohol  and  carbon  dioxide  are  lormed  which  also  exert  a 
preservative  eliect  and  the  pH  drops  even  lower  (4.2  to  4.8). 

In  spite  of  the  natural  resistance,  it  is  essential  to  jnactice 
strict  sanitation.  Lactic  and  acetic  aciti  bacteria  are  Irecpient  aii- 


borne  contaminants  and,  if  permitted  to  gain  too  much  activity,  will 
impair  the  flavor  of  the  beer.  Mtist  ol  these  are  rod  shaped,  but 
several  strains  t)f  cocci  are  also  encounteretl,  among  them  forms 
which  fretjuently  appear  as  tetrads  and  are  known  erroneously  to 
the  brewer  as  “sarcina.” 

Regular  microscopic  examinations  are  made  of  the  yeast  crop 
to  guide  selection  of  that  to  be  used  for  j)itching  fresh  wort,  ft  is 
desirable  to  maintain  the  total  bacteria  count  of  the  yeast  crop  at 
less  than  1%. 

Beer,  after  fermentation,  is  subject  to  attack  by  foreign  or¬ 
ganisms,  such  as  molds  and  mycoderma,  but  these  are  easily  con¬ 
trolled  by  normal  sanitary  measures.  Since  beer  is  generally  kept 
under  an  atmosphere  of  carbon  dioxide  tluring  aging  and  since  the 
yeast  has  already  depleted  the  oxygen  sujjply,  aerobic  organisms 
develop  very  slowly.  ShimwelP''’  has  found  that  anaerobes  which 
grow  under  the  conditions  prevailing  during  aging  have  caused 
contamination  in  beer.  Virus  and  ’jdiage  infections  have  not  been 
found  in  beer. 


FERMENTA  HON 

In  tlie  production  of  American  lager  beer  the  aerated  wort  is 
cooled  to  46°  to  52°F  and  yeast  is  added  as  the  wort  is  distributed 
into  the  starting  or  settling  tanks.  From  Ta  to  1  pound  of  licpiid 
yeast  is  added  per  barrel  of  wort.  I’he  standard  brewery  barrel  is 
•HI  gal.  In  general,  higher  wort-extract  contents,  lower  fermenta¬ 
tion  temperatures,  and  less  vigorous  yeasts  require  addition  of 
larger  quantities  of  seed  yeast  than  low  gravitv  worts,  high  fer¬ 
mentation  tenij^eratures  and  vigorous  yeasts. 

The  lei  nKntadon  i„„m  ,)( a  ,n„<lo,  n  hrewoi  y  is  shown  in  Finnic 
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Industrjul  Fermentations 


ing  Co.) 


Within  24  liours  alter  j)it(hing,  a  loam  ring  apjjears  at  the  edge 
of  the  tank  and  gradually  spreads  to  cover  the  entire  surlace. 

The  extract  content  will  drop  during  this  initial  stage  by  about 
0.5%  and  the  temperature  will  normally  increase  about  2°F.  At  this 
point,  when  the  liberation  of  carbon  dioxide  keej^s  the  vigorous 
yeast  in  suspension,  the  lermenting  wort  is  translerred  to  another 
tank.  'Thus  dead  and  weak  yeast  cells,  jnecijntated  j>roteins,  and 
insoluble  hoji  resins  are  lelt  behind  either  as  a  deposit  on  the  tank 
bottom  or  trapped  in  the  dense  loam  which  is  left  behind.  Cold 
wort  fdtration  eliminates  the  need  lor  this  transler,  but  as  additional 
aeration  is  also  given  by  this  pumj^ing  over,  it  is  (recjuently  uselul 
even  though  the  wort  has  been  filtered. 

The  loam  cover  thickens  as  fermentation  proceeds  until,  in  10 
to  bO  hours,  it  becomes  a  dense  and  x  iscous  mass  on  the  suriace.  At 
this  stage,  it  resembles  the  texture  oi  cauliflower  and  is  known  as 
“young  kraensen.’’  During  the  third  or  lourth  day,  the  loam  cover 
readies  its  maximum  depth  ol  8  to  12  in.  and  becomes  somewhat 
lighter  in  texture.  At  this  stage,  the  development  ol  new  yeast 
cells  is  proceeding  most  rapidly  as  are  also  the  iiutease  in  tem¬ 
perature  aiul  decrease  in  extract. 

Usually  by  the  filth  day,  this  kraeusen  liegins  to  collapse  lie- 
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cause  the  rate  ol  gas  evolution  is  insufficient  to  support  the  foam. 
Bv  then,  the  evolution  of  heat  is  too  slow  to  counteract  the  re¬ 
frigerating  effect  of  the  cold  room  in  which  the  tank  is  held  and  the 
temperatine  drops.  From  7  to  9  days  after  the  yeast  was  added  to  the 
N-rmentor,  activity  has  all  but  subsided  and  the  yeast  settles  to 
the  bottom  of  the  tank,  leaving  a  relatively  clear  and  black-appear¬ 


ing  liquid  at  the  top  of  the  tank.  Intensive  cooling  is  usually 
ajijilied  at  this  stage  over  a  |ieriod  of  I  or  2  days  to  hasten  this 
settling. 

During  the  liberation  of  gas,  a  yellowish  or  brownish  deposit 
collects  in  the  center  of  the  kraeusen  head.  This  “nest  consists  of 
oxidized  hop  resins  which  are  less  soluble  due  to  reduction  of  the 
sugar  content  and  lower  j)H.  This  is  usually  skimmed  off  to  prevent 
a  harsh,  bitter  flavor.  Closed  fermentors  frequently  have  foam¬ 
collecting  cones  or  chambers  lor  removal  ol  this  preeijiitate.® 

The  fermentation  is  controlled  by  the  projjer  selection  (jf  the 
starting  temperature  and  by  the  use  of  coils  in  which  a  cooling 


Figurk  43.  Temperature  and  Balling  Changes  in  a  Typical  Lager 
Termentation  '' 
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niediinn  is  circulated.  Hrine  and  sweet  water  are  generally  employed 
lot  this  puijjose.  I  he  lermentation  ol  1  lb  ol  sugar  generates  about 
260  Rtu  ol  heat.  In  general,  the  higher  the  temperature  is  permitted 
to  rise  the  (juicker  the  lermentation  will  be  comjdete  and  the  faster 
will  be  the  drop  in  extract  content.  I'here  is  a  slight  difference 
between  the  rate  of  the  various  side  reactions  and  that  of  the  main 
lermentation  with  respect  to  temperature.  I  his  results  in  the  de¬ 
velopment  of  different  llavors  in  beers  which  are  fermented  horn 
itlentical  worts  at  different  temperatures.  (Composition  of  wort,  time 
and  temperature  ol  fermentation,  and  subsecpient  cellar  treatment 
are  the  main  controls  the  master  brewer  has  over  the  llavor  of  his 
product. 

T  he  exact  conduct  of  a  fermentation  will  depend  on  individual 
plant  conditions  and  preferences,  but  the  course  of  a  typical  one  is 
shown  in  higure  48.  The  data  were  compiled  during  the  j^reparation 
of  a  typical  adjunct  lager  brew  in  the  experimental  brewery  ol 
Wahl-Henius  Institute  and  no  attemperation  was  applied  to 
demonstrate  the  full  effect  of  internal  development  of  heat.  I'he 
beer  was  in  a  wooden  tank  in  a  room  held  at  4()‘’F. 

AfATlIRING  AND  CELLAR  1  REAIMEN  f 

After  the  beer  is  fermented,  it  is  held  in  “ruh”  tanks  for  several 
weeks.  During  this  time,  the  beer  is  clarified  by  the  sedimentation 
of  coagidated  nitrogenous  substances,  insoluble  phosphates,  and 
yeast.  Filtration  with  diatomaceous  filter  aids  expedites  this  step 
and  pidj)  filters  comj:)lete  the  production  of  a  brilliant  beer.  At 
times,  clarifying  agents  of  a  gelatinous  nature  are  added  to  the 
beer  in  the  tanks  to  facilitate  clarification.  Fhe  storage  corridor  in 
a  modern  brewery  is  shown  in  Figure  14. 

Chillproofing  is  the  jirotection  of  the  beer  against  the  develop¬ 
ment  of  turbidity  on  exposure  to  cold.  4’he  Wallerstein jiatents 
are  tyjjical  and  were  the  first  in  the  a])j)li('ation  of  en/ymes  for  this 
purpose.  Fhe  jnocess  consists  of  adding  jiroteolytic  en/ymes  which 
will  reduce  the  molecular  size  of  the  residual  protein  hydroly/ate  to 
insure  increased  solubility.  I'he  Ash,'*  and  Joachim"’  jxitents  cover 
typical  jn-ocedures  for  removal  of  these  hydrolyzates  by  jnecipitation 
or  adsorjjtion.  In  either  case,  the  object  is  to  remove  nitrogenous 
bodies  larger  than  peptones  and  proteoses. 

Since  beer  is  subject  to  flavor  changes  on  oxidation,  anti¬ 
oxidants  have  been  added  for  many  years.  Sulfites  have  been  used 
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Figure  44.  Storage  Corridor  in  a  Brewery  (Courtesy— Miller  Brew¬ 
ing  Co.) 


•  f  > 


extensively  lor  this  purpose  although  not  to  as  great  an  extent  as 
in  wines.  Wines  may  contain  as  much  as  250  ppm  oi  sullur  dioxide. 
Beers  are  flavored  too  highly  if  such  high  levels  are  used  and  the 
Food  and  Drug  Administration  does  not  permit  over  25  ppm  ol 
sullur  dioxide  to  be  used  in  the  United  States.  Higher  contents 
are  permitted  in  other  countries,  but  flavor  is  usually  noticeably 
affected.  Ascorbic  acid"’  has  been  used  as  an  antioxidant  for  lieers 
and  will  possibly  gain  in  favor  as  this  compound  is  jn'oduced  more 
inexpensively. 

Carbon  dioxide  is  added  to  the  beer  at  the  end  ol  the  aging 
process  either  by  injection  ol  the  gas  or  by  the  admixture  ol  Ireshly 
fermenting  beer.  Alter  adjustment  ol  the  gas  content  to  a  definite 
value  between  2.5  and  3.0  volumes,  the  beer  is  given  a  final  polishing 
filtration  and  is  translerred  to  a  bottling  tank. 

I‘ACK  AGING 

I  he  grealci  l)ulk  of  l,eer  is  packaged  in  Ixmles  or  cans  and  is 
|«stenn/ed.  Dranglu  or  keg  l,eer  is  not  paslenri.ed  in  il,e  United 
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States,  l)ut  it  is  in  Mexico, 
Europe.  Every  effort  is 
package. 


Scandinavian  countries,  and  Ciontinental 
made  to  eliminate  air  Irom  the  final 


KEEIMNC;  QliALi  riES 

EInpasteuri/ed  beer  will,  ol  course,  spoil  due  to  development 
ot  microorganisms  within  a  relatively  short  jjeriod,  depending  on 
the  refrigeration  it  receives.  Sterile  hltration  has  been  accomplished 
by  the  use  ol  Seitz  and  similar  filters,  but  the  combination  of  sterile 
product  and  sterile  package  has  not  been  achieved  in  this  country 
on  a  large  enough  scale  to  make  possible  a  regidar  supply  ot 
unpasteurized  beer.  Impairment  of  foam  quality,  the  lack  of  com¬ 
pletely  sterile  filling  conditions,  and  the  j>references  of  the  co!i- 
suming  public  have  stood  in  the  way  of  the  accejjtance  of  this 
jjrocedure. 

Even  beer  that  has  been  j^asteurized  is  perishable  and  subject 
to  many  influences  that  degrade  its  quality  as  it  remains  unconsumed 
after  it  has  left  the  brewery.  Sunlight,  excessive  heating,  agitation, 
and  internal  oxidation  give  rise  to  changes  in  flavor  and  brilliance 
which  become  more  noticeable  as  the  beer  gets  older.  Wdiile  a  beer 
which  has  been  bottled  several  months  may  yet  remain  quite  palat¬ 
able,  it  will  not  compare  with  the  same  beer  in  a  fresh  condition. 

“Preservative”  agents  have  been  used  with  little  success  in  an 
effort  to  avoid  the  change  in  flavor  that  results  from  jiasteurization. 
Benzoates  and  salicylates  are  deleterious  to  foam.  Propionates  in¬ 
troduce  undesirable  odors  anti  flavors.  (Jhloroacetates  have  lound 
the  most  favor,  but  they  are  far  from  ideal.  At  best,  jneservatives 
can  only  retard  microbial  tlevelopment  and  shoukl  not  be  used  to 
mask  an  infected  product.  No  preservatives  are  actually  employetl 
in  the  brewing  industry  in  the  United  States.  I'he  Eood  and  f)rug 
Administratif)!!  does  not  permit  the  use  ol  chloi'oacetates  and 
similar  agents  because  they  are  harmful  and  are  not  necessary 
in  gootl  manidactnring  procedures.  Pasteurization  is  accepted  ,is 
good  [)ractice,  but  does  introduce  undesirable  flavor  changes. 

ANAEY  riCAf.  ME']  HODS  AND  Ll  I  ERA  1 HRE 

In  an  industry  as  old  as  brewing,  it  is  only  natural  that  the 
literature  cjn  analytical  methods  is  voluminous.  Many  of  the  basic 
techniques  of  analytical  chemistry  were  developed  in  brewing 
laboratories  as  answers  to  observed  deviations  were  sought.  In  an 
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effort  to  reach  closer  agreement  between  dillerent  laljoratones  and 
to  establish  common  methods  of  analysis,  the  American  Society  of 
Brewing  Chemists  was  founded  in  1935  as  an  outgrowth  of  work 
done  on  malt  analyses  beginning  in  1934.  I'his  society  has  published 
valuable  tables  and  a  manual  of  methods.'  The  methods  aiiproved 
by  this  society  have  been  largely  adopted  also  by  the  .Association  of 
Official  .Agricultural  Chemists.^  Those  jiarticularly  interested  in 
details  of  analysis  of  brewing  raw  materials  and  products  are  re¬ 
ferred  to  the  publications  of  these  societies. 

[ournals  dealing  with  brewing  were  among  the  first  ol  the 
technical  publications.  Typical  important  journals  are  listed  in 
Table  27.  d'he  list  is  far  from  complete  and  is  intended  only  to 
show  the  early  start  and  some  of  the  publications  in  Avhich  original 
articles  appear. 


Fable  27.  SELECTED  1  ECHNICAL  BREWING  JOURNALS 


|ournal 

I’nhiication  dates 

('.onntry  of 
origin 

American  Brewer 

I8(i7— current 

U.S..\. 

American  Brewers  Re\iew 

1887-1918 

F.S.A. 

Annales  des  fermentations 

1935— current 

France 

Ifrewers  Digest 

1921)— current 

U.S..\. 

(iomptes  rencins  laboratorie 
C’.arlsberg 

1921— current 

Denmark 

Journal  of  the  Institute  of 

Brewing 

1 887— ( nrrent 

F'.ngland 

I’etit  journal  dii  brassenr 

1897— current 

France 

I’roceedings,  American  Society 
of  Brewing  Clhemists 

1939— current 

U.S.A. 

Transact  ions,  American  Society 
of  lirewing  Technology 

1910-1918 

r.s.A. 

\\  allerstein  Laboratories 
(■.ommnnications 

1938— current 

U.S.A. 

Wochenschrift  fiir  Branerei 

1883-1944 

(Germany 

Seveial  trade  jiajx'is,  having  articles  of  technical  value,  are 
published  in  many  countries.  Modern  Brewery  Age,  lirewers 
journal,  [(nunal  of  the  Incorporated  lirewers  (niild  and  Brewing 
Irade  Review  are  in  the  English  language  and  are  worthy  of  men¬ 
tion.  The  first  two  are  published  in  the  United  States  and  the 

last  ui  England.  A  complete  listing  is  beyond  the  scope  of  this 
discussion. 
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KY-PRODUCIS 

Ex ti acted  grains  w  hich  are  sejjarated  Ironi  the  wa)ri  are  valuable 
as  stock  feed.  As  obtained  Ironi  the  brewhouse  operations,  this 
residue  contains  about  80%  moisture.  Mtich  of  it  is  sold  in  this 
w'et  condition  to  farmers*  for  immediate  feeding,  but  the  bulk  is 
dried  to  a  moisture  content  of  approximately  10%  so  that  it  may  be 
held  without  spoilage.  These  dried  brewers’  grains  contain  12  to 
15%  protein,  3  to  5%  crtide  fat,  about  60%  total  carbohydrates, 
w'ith  20%  crude  fd^er.  They  serve  as  an  excellent  source  for  vitamins 
of  the  B  complex. 

Surplus  yeast  w'as,  at  one  time,  almost  tiniversally  discarded  into 
the  sewers,  but  is  now  gathered  for  further  processing  into  a 
variety  of  sidjstances.  Brew'ers’  yeast  is  rich  in  water-soluble  vitamins 
of  the  R  complex  and  in  ergosterol  and  it  is  now  used  as  human 
food  and  animal  feed,  as  a  source  of  vitamin  concentrates,  and  for 
obtaining  other  biochemical  products. 

Carbon  dioxide  is  generated  dtiring  the  fermentation  in  excess 
of  the  requirements  for  the  carbonation  of  the  finished  beer.  In 
many  plants,  a  portion  of  the  excess  is  collected  for  counter¬ 
pressure  purposes,  and  some  sell  their  surj)lus  gas  to  other  users. 
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COMMERCIAL  PRODUCTION 
OF  TABLE  AND  DESSERT 
WINES 

M.  A.  Joslyn  and  M.  IT.  T  urbovsky 


A  wide  variety  ol  alcoholic  beverages  can  be  and  has  been 
jji'odnced  by  the  lennentation  ol  various  Iruits,  berries,  herbs, 
starchy  jjlants  or  jjlant  parts,  honeys  and,  even  milk  (both  animal 
milk  and  coconut  milk),  as  well  as  cereals.  I'he  term  “wine,” 
however,  is  restricted  by  (iistom  to  alcoholic  beverages  made  by 
lennentation  ol  Iruits  or  berries  or  their  juice  and  other  suitable 
agricidtural  j^roducts,  such  as  honey,  rhubarb,  etc.  Grape  wines, 
however,  constitute  by  lar  the  greatest  projjortion  ol  alcoholic 
fruit  beverages  of  commerce  (see  T  able  2H)  and  wine,  as  defined  by 
the  various  governmental  agencies  concernetl  with  its  production,  is 
essentially  the  fermented  alcoholic  beverage  produced  from  grape 
juice.  Whiles  other  than  from  “the  juice  of  sound,  ripe  grapes”  are 
always  required  to  show  their  source  on  label  declaration.  Black¬ 
berry  wine  and  ajijile  wine  are  produced  in  larger  amounts  in  the 
United  States  than  the  other  fruit  and  berry  wines,  which  include 
apricot  wines,  berry  wines  (elderberries,  loganberries,  rasjiberries, 
straw'berries,  etc.),  and  wines  made  from  cantaloupe,  citrus  fruit, 
cherries,  jiapaya,  pears,  jilums,  and  dried  fruits  (dates,  figs,  prunes, 
raisins).  Grapes  have  been  used  for  wine  making  longer  than  any 
other  fruit  and  are  the  only  fruit  systematically  .selected  and  grown 
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Commercial  Production  of  Table  and  Dessert  ^'ines 

I  ablk  28.  FRUITS  USED  IN  C:Oi\Ii\IERC:i AL  PRODUC  FiON 
OF  WINES  AND  BRANDIES  IN  1  HE  UNITED 
STAl  ES. 


Fruit 

Fonnage  used" 

— - - 

Crapc.s 

1 ,6.5  7, .555 

Rai.siiis 

55,444" 

,\pplc.s 

10,536 

I’cacbes 

5,894 

berries 

4,514' 

IMums 

3,994 

Tears 

3,599 

('.berries 

1 ,229 

Others 

15,714‘J 

”  (luantities  crusheil  or  pressed  and  deposited 

in  fermentors  for  production  of 

wine  and  Ijrandv  from  jiily  I,  1946  to  June  30,  1947. 

C'.onvei  ted  into  frc.sli  ton.s  from  dried  pounds. 

'■  Includes  l)lackl)errie.s,  elderberries,  gooseberries,  loganberries.  ras])bcrries, 


strawberries,  youngberries,  and  other  berries. 

■'  Includes  apricots,  currants,  dandelions,  dates,  ligs,  gra])efruit,  iioney,  mixed 
fruits,  nectarines,  oranges  and  ]5runes. 

.Source:  Wine  Institute  Bulletin,  .374.  .April  2.  1948. 


in  large  c|uantities  lor  use  in  wine  making.  It  is  for  this  reason 
that  pleasing,  palatable  wines  can  be  made  from  selected  grapes 
without  such  amelioration  as  is  necessary  for  the  production  of 
most  other  fruit  wines. 

The  commercial  production  of  wine  in  the  Ehiited  States  is 
small  in  comparison  with  the  b  billion  gallons  ol  world  production. 
Production  in  Europe  and  French  Africa  combined  accounts  nor¬ 
mally  for  over  90%  ol  the  total  outj^ut;  French  territory  alone 
pioduces  neai  ly  hall  ol  the  world  total,  lollowed  by  Italy  and  Sj^ain. 
Portugal,  Ureece,  the  Balkan  States,  Germany,  Chile,  Argentina, 
Australia  and  South  .\lrica  also  produce  considerable  quantities  of 
wine.  California  produces  over  80%  of  the  wine  made  in  the 
United  States,  reaching  in  1946  a  record  high  production  of  over 
177,000,000  gal.  Fhe  other  two  j)rincipal  wine  producing  regions 
are:  f.ouisiana,  Arkansas,  and  Mi.ssouri;  and  New  York,  Ohio,  New 

lensey,  and  Michigan.  New  York  State  leads  in  the  production  of 
sparkling  wines. 

Ihe  jn-oduction  of  wine  in  the  United  States  is  under  the 
jurisdiction  ol  the  Federal  Alcohol  and  I'obacco  Tax  Unit  of  the 
Bureau  ol  Internal  Revenue,  the  Federal  Food  and  Drug  Adminis¬ 
tration,  and  the  State  Food  and  Drug  Administrations.  The  manu- 
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facture  of  wines  containing  over  14%  alcohol,  particularly  as  it 
involves  changes  in  volume  or  alcoholic  content  (production  and 
use  of  wine  spirits),  is  more  closely  regulated  and  restricted  than  ol 
wines  wdiose  alcoholic  contents  are  derived  solely  by  fermentation. 

I  he  ines  piotluced  in  Calitornia  are  made  Irom  about  one 
hundred  and  twTiity-five  varieties  of  the  cultivated  species,  Vitis 
vinifera,  which  is  the  species  cultivated  in  the  vineyards  of  Europe 
bordering  the  Mediterranean  Sea,  in  Asia,  South  yVmerica,  South 
Africa,  and  Australia.  4Vhen  grown  in  the  various  viticidtural  areas 
of  California  defined  by  climatic  conditions,  the  species  matures 
wdtlt  sufficient  sugar  content  to  allow  the  juoduction  of  wine  by  the 
partial  or  comjilete  lermentation  of  the  juice  of  grapes,  with  or 
without  the  addition  of  diluted  or  undilutetl  grape  concentrate, 
and  with  or  without  addition  alter  lermentation  ot  pure  condensed 
grape  must  or  graj:>e  spirits,  d’he  addition  of  sugar  is  expressly 
forbidden  by  state  law  in  California. 

In  the  Eastern  ^vine  producing  regions,  varieties  of  the  native 
American  grape,  Vitis  lahrusca,  are  used  and  because  of  their  high 
acid  and  low  sugar  content,  it  is  necessary  to  add  both  sugar  and 
w’ater.  The  addition  of  sugar  and  w^ater,  howTver,  is  limited  to  an 
increase  in  volume  of  not  over  .85%;  the  added  sugar  may  not 
exceed  1 1  %  by  w^eight  of  the  wine.  14te  residtant  wine  must  contain 
at  least  5  parts  jjer  thousand  of  acid  before  fermentation  and  not 
more  than  13%  of  alcohol  after  complete  fermentation. 

EYPES  OF  GRAPE  WINE 

The  many  types  of  wane  that  are  produced  differ  in  relative 
sw'eetness,  alcoholic  content,  and  carbon  dioxide  content,  depending 
on  the  methods  of  jiroduction.  The  variety,  maturity,  climate  and 
soil  conditions  under  which  the  grapes  are  growai  also  influence  the 
character  of  wine.  Color,  relative  s^veetness,  alcoholic  content, 
presence  of  effervescence,  the  viticidtural  area  of  origin,  and  the 
dominant  grape  variety  are  the  general  class  characteristics  used 
in  the  classification  ol  wanes.  The  most  important  natural  classi¬ 
fication,  on  the  basis  of  use,  is  into  two  large  groups,  table  wines 
and  dessert  or  ajjjjetizer  wines.  Fable  unties  contain  less  than  14% 
of  alcohol  by  volume  and  are  served  with  various  courses  at  dinner. 
They  may  be  **red''  or  ^bv'hite  in  color  and  may  contain  cat  bon 
dioxide  gas  jjroduced  by  secondary  lermentation  (sj)<nkling  wines). 
Dessert  whies  contain  over  14%  alcohol,  usually  about  20%,  and 
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commonly  contain  some  sugar  so  that  they  are  popularly  known  as 
“sweet”  wines  in  contradistinction  to  table  wines,  which  are  usually, 
but  not  always,  Iree  ol  lermentable  sugar  and  are  called  “dry”  wines. 
The  terms  “dry”  and  “sweet”  are  confusing,  because  the  so-called 
“dry”  wines  are  sometimes  sweet  to  the  taste  and  the  “sweet”  wines 
sometimes  dry.  I  he  alcoholic  content  ol  dessert  wines  is  laised 
during  production  by  atldition  ol  grape  spirits  or  Ijrandy,  after 
suitable  preliminary  fermentation  to  check  the  fermentation  and 
assist  in  the  retention  of  natural  grape  sugars  in  the  wine.  Their 
period  of  fermentation  is  shorter  than  that  lor  table  wines  and,  after 
fortification,  they  are  less  subject  to  bacterial  spoilage  during  aging 
and  storage. 

Within  each  of  these  two  classes  of  wines,  a  nund^er  of  types 
are  recognized  in  the  industry,  although  their  nomenclature  has  not 
been  as  highly  standardized  in  the  United  States  as  in  Europe  where 
the  viticultural  area  of  origin  is  carefully  delineated  and  where  the 
particular  varieties  used  in  a  given  viticultural  area  for  a  given  type 
of  wine  are  restricted.  Both  nonvarietal  and  varietal  names  are 
used  in  California  and  elsewhere  in  the  United  States. 

The  most  important  red  table  wines  are:  Burgundy,  a  heavy¬ 
bodied,  dark-colored,  dry,  red  table  wine;  Claret,  a  red  wine  of  no 
piedominant  characteristic  flavor  and  aroma  which  is  lower  in 


extract  and  color  than  Burgundy;  Chianti,  a  fairly  heavy,  moderately 
astringent  red  wine;  Cabernet,  Barbera  and  Zinfandel  which  derive 
their  names  from  the  grape  variety  from  which  they  are  jne- 
dominantly  made  in  California.  In  Eastern  United  States,  small 
quantities  of  varietal  red  table  wines  are  made  from  Ives,  Concord, 
or  Norton  grapes.  1  he  most  important  white  table  wines  are  Rhine 
wines  (Moselle,  Riesling,  Traminer,  Hock);  Chablis  and  White 
Chianti,  and  the  natural  sweet  wines.  Dry,  Sweet  and  Chateau 
Sauternes.  The  two  most  important  classes  of  sparkling  wines  are 
(diampagne  and  Sparkling  Burgundy. 

fhe  Calilornia  dessert  wines,  with  the  exception  of  Angelica 
winch  IS  a  native  name,  and  Muscatel  which  is  derived  from  a 
varieta  name,  are  named  after  European  wines  which  they  do  not 
lesemble  closely.  The  red,  sweet  dessert  wines  are  represented 
by  the  deep  red  c.lo.ed  Por,  or  ,be  ,n„re  an, her  tinted  T„Ly  Pan 
The  tvh.te  sweet  dessert  wines  are  represented  l,y:  Angelica  an 
amber  or  yellow  cobned  sweet  wine  without  .unseat  llavor; 

.  similar  wine  witb  |>ron„„nced  muscat  Oavor;  While  Pori  a  water’ 
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white,  st\cct  wine  w'itlioiit  iiuistal  llavor;  Sherry,  a  sw'eet  w'ine  with 
rancio,  or  cooked  or  caramel  llavor  below  7%  sugar;  and  Tokay,  a 
rancio-llavored  sweet  wane  with  a  jnnk  tint.  Madeira,  Marsala  and 
similar  wines  ol  commerce  are  amber-colored,  rancio-llavored,  sweet 
wines  ol  jjoorly  defined  ty|>es.  Ports  and  Sherries  are  produced  also 
in  Eastern  llnited  States  Irom  labrnsca  varieties  of  grapes,  d  he 
loinier  has  a  readily  detectable,  loxy  llavor,  ( haracteristic  of  the 
(.oncord  grape,  but  this  flavor  is  removed  from  the  white  varieties 
used  for  Sherry  making  by  sj^ecial  treatment. 

Ehe  industrial  practices  develoj)ed  in  California  lor  the  pro¬ 
duction  ol  basically  clean,  sound  wines  ol  standard  cpiality,  which 
lorm  the  bulk  ol  the  wines  of  commerce  here  as  well  as  abroad,  will 
be  presented  in  this  chajjter  as  they  apply  to  the  current  practices 
in  larger  wineries.  I'he  fine  wines  wdiich  make  up  a  small  j)art  ol 
the  production  in  California  as  well  as  in  the  world,  are  made  with 
great  care  from  selected  grapes,  fretpiently  aged  for  considerable 
periods,  and  are  the  high-jniced  wines  on  which  a  reputation  lor 
(juality  in  wine  making  is  built,  d'he  basic  processes  and  unit  ojjera- 
tions  aj)j)lied  in  the  commercial  jjrodnction  of  the  more  important 
Cialifornia  wanes  are  presented  in  some  detail,  together  with  a  briel 
discussion  of  the  princijjles  involved.  Further  details,  both  on 
princij:)les  aiul  practices,  may  be  found  in  the  selected  list  of 
references  to  American,  French,  German,  Italian  and  Spanish 
treatises  on  w’ine  making,  listed  at  the  end  of  this  chajjter. 

SELFCl  ION  AND  HANDLING  OF  C;RAPFS 

Wine  grapes  must  have  the  proper  comjjosition  and  character 
for  the  type  of  wine  to  be  jiroduced  and  must  be  sound,  mature,  and 
fresh.  I'he  suitability  of  a  grajje  variety  for  a  particular  tyj>c  of 
wine  depends  not  only  on  its  flavoring  ingredients  but  also  on  the 
proj)er  balance  between  the  components  of  its  must.  Fhe  best 
graj>es  for  the  standard  dry  table  wines  should  yield  musts  ol  ovei 
18°  but  less  than  2.^°  Balling;  they  should  have  a  must  acidity  of 
not  less  than  0.65%,  and  a  pH  belo^v’  d'he  natural  sweet  types 
of  table  wines  reejuire  musts  with  a  Balling  degree  ol  2-1  to  28; 
this  is  necessary  to  maintain  residual  sugar  in  them,  yet  their  acidity 
should  be  about  0.60%.  Cdajjes  for  dessert  wines  should  have  a 
lialling  over  21°  but  should  not  be  allowed  to  remain  on  the  vines 
uiitil  they  have  become  raisinetl  or  have  lost  their  Iruitiness.  1  hey 
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should  be  ol  iiioderatc  acidity,  Iroiii  0.1  to  ().()%  in  the  finished 
wine;  their  pH  value  may  be  as  high  as  4.0. 

I'he  maturity  of  the  grapes  at  harvest  and  the  environmental 
conditions  under  which  they  are  grown  aftect  composition.  Grajx*s 
g^own  under  cool  conditions  rijjen  more  slowly,  retain  a  highei 
degree  ol  acidity  at  maturity,  and  have  a  lower  jjH.  The  red  grapes 
contain  more  coloring  matter  and  their  anthocyanin  pigments  are 
more  stable  when  grown  under  cool  conditions.  These  conditions 
favor  the  jiroduction  of  musts  well  suitetl  lor  table  wines.  Ihider 
relatively  warm  ripening  conditions,  high  sugar  and  motlerate 
acidity  suitable  for  dessert  wines  are  securetl. 

California  has  a  wide  range  of  climatic  conditions  and  wine- 
grajje  adaptation  to  the  climatic  regions  has  been  intensively  in¬ 
vestigated  from  18()()  to  the  present.  Production  factors,  such  as 
scion-stock  interrelationships,  inherent  vigor  of  the  vine,  resistance 
to  host,  insect  jiests  and  diseases,  yield,  and  comjjosition  of  the 
grapes  under  various  soil  and  climatic  conditions  have  been 
evaluated.  Maturation  without  undue  rotting,  sunburning  or  rais- 
ining;  type  of  clusters  (tightness,  readiness  to  shatter,  and  size); 
thickness  ol  skin;  and  ease  Avith  which  the  stems  and  berries  can  be 
separated  by  mechanical  stemmers,  are  some  of  the  factors  that 
have  been  consideretl.  The  time  of  maturation  is  an  important 
factor;  early-rii^ening  varieties  mature  in  the  warmest  jxirt  of  the 
growing  season  so  that  ripening  changes  jjroceed  too  rapidly;  late 
lipening  vaiieties  may  be  spoiled  by  early  rains;  varieties  that 
mature  in  midseason  are  best  for  they  may  be  crushed  when  tem¬ 
peratures  are  lower.  On  the  basis  of  these  studies,  varieties  for 
planting  in  the  five  temperature  regions  of  California  have  been 
selected.  Table  wines  of  best  quality  are  produced  in  the  cool  and 
moderately  cool  coastal  valleys,  best  natural  sweet  wines  in  the  warm 
coasul  valleys,  and  the  best  dessert  wines  in  the  moderately  hot  and 
hot  interior  districts  of  Northern,  Central,  and  Southern  valleys. 

(iomposition  of  Grapes 

Tl.e  grapes  n„,st  l,ave  rhe  proper  ton.posilion  and  character 
lor  the  type  ol  vv,„e  to  he  otatle.  n'he  it.gretlie.tLs  ol  tlte  grapes  „ot 
on  y  artect  the  llavor  ol  the  rvh.e  hy  directly  cootriintthtg  the 
olonng  n.atters,  tattnitts,  acids,  Havoring  eo.tstit.tet.ts,  a„d  satgars 
or  sweetness,  hi.t  also  inihienee  the  course  of  tilcoliolic  rcrnient  ition 
and  the  type  of  hy-products  for.ned.  The  physical  a.'d  cher:i 
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conijiosition  ol'  grapes  at  maturity  and  the  dianges  in  composition 
during  growtli,  iermentation,  and  aging  liavc  been  studied  in  some 
detail  abroad  and  to  some  extent  here.  The  stems  on  which  the 
berries  are  borne  in  most  varieties  constitute  Iroin  2  to  4%  ot  the 
total  weight  and  contain  appreciable  amounts  ol  tannins  and  other 
extractives  whose  presence  is  undesirable  in  the  wine.  The  fleshv 
pericarp,  known  as  pulp,  surrounded  by  skins  and  in  which  the 
seeds  are  imbedded  is  the  greater  portion  ol  the  Iruit  itsell.  From 
84  to  95%  of  the  crushed  stemmed  grapes  (the  mixture  of  crushed 
grapes  and  juice  is  reterred  to  in  the  industry  as  must)  is  juice. 
The  skins  account  for  5  to  12%  of  the  weight  and  the  seeds  for 
0  to  4%.  The  outer  layers  of  the  fruit  (skin  mainly)  contain  the 
greater  portion  ol  the  aromatic,  coloring  and  llavoring  constituents. 
The  natural  tannins  are  concentrated  in  the  seeds  which  also  con¬ 
tain  important  amounts  of  oils  and  resinous  matter.  The  exact 
composition  of  grapes  is  not  known,  but  it  is  known  that  several 
carbohydrates  are  present,  the  two  most  important  being  dextrose 
and  levulose.  During  maturation,  the  levulose  content  rises  and  the 
levulose-dextrose  ratio  increases  to  about  unity.  Grapes  also  con¬ 
tain  small  quantities  of  pentoses,  inositol,  pectins,  and  pentosans. 

I'he  chief  organic  acids  present  are  malic  and  tartaric,  with 
smaller  amounts  of  citric  acid.  During  ripening,  the  malic  acid 
content  decreases  and  the  total  tartaric  acid  content  increases.  The 
free  malic  and  tartaric  acitls  gradually  decrease  while  the  acid  tar¬ 
trate  content  increases  to  the  point  where  crystalline  deposits  of 
potassium  acid  tartrate  form  in  the  cells,  just  underneath  the  skin, 
d'he  pidp  of  the  grape  near  the  skin  contains  more  sugar  and  less 
total  acid  than  that  near  the  seeds.  The  nitrogenous  ingredients  are 
chiefly  present  as  basic  amino  acids,  peptides,  and  purines,  with 
smaller  amounts  of  ammonium  compounds  and  nitrates.  The  antho- 
cyanin  pigments,  largely  oenin,  occur  in  the  skin  cells  of  red 
grapes.  Potassium,  sodium,  calcium,  and  iron  phosphates,  sulfates, 
and  chlorides  account  for  most  of  the  0.2  to  0.6%  ash.  d’he  llavoring 
constituents,  but  for  the  methylanthranilate  which  predominates  in 
the  labrusca  varieties  (Power  and  Chestnut,-”  Sale  and  Wilson^*), 
the  volatile  ingredients  of  Zinlamlel  grapes  and  wine  (Haagen-Smit, 
Hirosawa  and  Wang*’)  and  of  one  Swiss  white  wine  (Hennig  and 
Villforth*®)  are  unknown. 

Idle  course  of  the  fermentation  is  affec  ted  most  by  the  sugars, 
acids,  and  tannins  and  these  should  be  properly  balanced.  This 
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balance  is  best  obtained  by  selecting  suitable  varieties  and  harvest¬ 
ing  them  at  the  proper  stage  ol  maturity.  Musts  that  are  deficient 
in  acid  content  should  lie  acidified  liy  addition  of  tartaric  acid  or 
citric  acid.  Projier  adjustment  ol  acidity  will  insure  that  the 
fermentation  takes  place  under  conditions  lavorable  to  yeast  and 
will  reduce  the  susceptibility  of  the  wine  to  bacterial  spoilage  and 
to  metallic  casse.  Fornachon*^  suggested  that  the  pH  ol  the  must 
should  be  adjusted  below  3.6  to  avoid  a  too  sour  taste  of  the 
resulting  wine,  d  he  titratable  acitlity  rather  than  pH  is  a  bettei 
indication  of  sour  taste,  but  other  factors  (sugar  content,  etc.)  also 
intervene.  The  addition  of  tannin  (about  1  g  per  1)  is  also 
beneficial  in  checking  bacterial  growth.  It  is  particularly  desirable 
for  stabilizing  the  anthocyaniii  pigments  and  lor  other  reasons.  The 
addition  of  tannin  is  usually  not  necessary  in  making  red  wines 
since  the  skins  and  seeds  form  a  ready  source  of  tannins.  I'he 
concentration  of  sugar  is  adjusted  to  suit  the  type  of  wine  jiroduced. 
In  no  case  should  it  be  over  28%  for,  above  this  concentration, 
sugar  will  retard  fermentation.  Deficiencies  in  other  ingredients 
necessary  to  successful  alcoholic  fermentation  are  rare  in  California 
grapes.  I'liey  usually  contain  sufficient  potassium,  phosphate,  and 
ammonium-  or  other  assimilable  nitrogenous-compounds  to  sup¬ 
port  growth  and  activity  of  yeast.  Occasionally,  however,  musts  are 
encountered  which  are  difficult  to  ferment  dry  and  which  respond  to 
ammonium  salts.  Since  the  ammonium  ion  appears  to  promote 
fermentation,  deficiencies  in  nitrogenous  substances  are  best  made 
up  by  ammonium  salts,  particularly  ammonium  phosphate.  In  the 
fermentation  of  fruit  juices,  honeys,  and  similar  products,  addition 
of  ammonium  jdiosphate  is  necessary. 


Harvesting  and  Transportation 

koi  the  jjro])er  operation  of  a  winery,  it  is  necessary  to  contract 
lor  the  varieties  of  graj)es,  depending  on  the  type  of  wine  to  be 
made,  and  to  arrange  lor  their  delivery  over  the  fermenting  season 
at  the  rate  at  which  ojnimum  operating  conditions  can  be  main- 
tamed.  The  yield  ()f  grapes  per  acre  varies  from  about  1  to  3  tons 
or  the  finer  varieties  grown  in  the  north  coastal  valleys  to  as  high  as 
16  tons  lor  the  common  varieties  grown  in  the  lower  central  valley 
For  ordinary  wines,  all  the  crop  is  harvested  at  a  single  picking;  the 
very  green,  diseased,  badly  raisined,  decayed,  or  moldy  grapes 
which  may  spoil  a  good  wine,  are  eliminated  from  the  good  clusters’. 
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For  fine  wines,  several  pickings  should  be  made  to  get  the  fruit 
unifoim  and  all  at  the  best  jjossible  stage  of  maturity.  I'he  grajies 
are  usually  picked  into  field  lug  boxes  and  hauled  in  them,  or  in 
bulk  loads,  to  the  winery.  I'he  field  lugs  are  8  X  14  X  -f  in. 
(inside),  holding  10  to  50  lb  per  box.  On  the  basis  of  an  average 
weight  of  contents  of  48  lb  per  box,  the  jxicked  density  is  about 
28.0  11)  j)er  cu  ft  of  si)ace.  44ie  clusters  are  removed  from  the  vines 
by  cutting  with  curved  knives,  shears,  or  snapjiiiig  the  bunches  off 
where  the  peduncle  is  crisp  enough  to  allow  this.  Trained  pickers 
can  harvest  10  to  12  boxes  a  day  in  the  poorer-producing  areas  to 
over  80  boxes  in  high-producing  areas.  The  cost  of  harvesting 
varies  from  about  $9  per  ton  in  the  coastal  valleys  to  $8  per  ton  in 
the  southern  interior  valleys. 

\Vhere  graj)es  are  delivered  to  the  winery  in  the  field  boxes  in 
which  they  are  picked,  the  trucks  are  loaded  in  the  vineyard.  The 
filled  boxes  are  brought  to  the  end  of  the  aisles  in  the  vineyards  by 
sleds  and  tractors  or  by  vineyard  trailers  and  tractors  and  loaded  on 
the  trucks  at  the  eiuls  of  the  rows.  It  takes  two  men  about  8  hours 
to  load  a  truck,  as  it  is  driven  through  the  vineyard,  with  lb  to 
18  tons  of  grapes. 

I'o  reduce  the  cost  ol  loading  and  unloading  trucks  and  to 
reduce  investment  in  field  boxes  tied  uj)  during  transportation, 
gondola  trucks,  introduced  by  the  larger  wineries,  are  widely  used 
for  the  bulk  hauling  of  grapes.  VVdiere  gondola  trucks  are  employed, 
the  field  boxes  are  brought  to  one  side  of  the  vineyard  and  loaded 
into  the  gondola  by  automatic  grape  loaders.  The  boxes  are  brought 
by  belt  conveyors,  ec|uij)j)ed  with  rubber  cleats,  to  the  top  of  the 
tiuck  and  {lumj)ed.  IW  the  use  of  these  loaders,  a  20-ton-caj)acity 
gondola  can  be  loaded  in  an  hour  by  two  men.  Two  tyj)es  ol 
gx)ndolas  are  used,  hand  and  automatically  unloading.  44ie  first 
are  usually  straight-sided  tanks  about  8  ft  wide,  12  It  long,  and  2  ft 
deej);  they  can  be  unloaded  with  an  eight-  or  ten-prong  fork  at  the 
rate  of  10  tons  per  man  hour.  A  truck  and  trailer  can  haul  two 
such  gondola  tanks.  The  automatically  dumj)ing  gondolas  are 
constructed  as  four-section  tanks  of  about  8  X  f’  X  2.5  ft.  A  tank 
of  this  si/e  can  hold  as  much  as  (i  tons  ol  grapes,  etjuivalent  to  100 
11)  per  cu  ft  in  comj)arison  with  28.0  lb  j)er  cu  It  ol  field-box  space. 
I  he  gondola  tank  trucks  properly  used  are  more  economical  means 
of  transportation,  can  be  washed  and  sterili/ed  more  readily  than 
the  wooden  field  boxes,  and,  for  short  hauls,  they  are  just  as  satis- 
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factory.  Their  use  has  been  critici/ed  because  tliere  is  nioie  tiushiiig 
and  damaging  of  grapes  during  loading  and  haiding.  Since  bioken 
or  crusheci  grapes  spoil  quickly  and  may  contaminate  the  wine, 
hulk  hauling  for  long  distances  is  undesirable.  I'he  use  of  dirty, 
jiiice-soaketl  boxes  is  also  objectionable. 

d'he  best  practice  is  to  crush  the  grapes  and  pump  the  must 
into  the  fermentation  vats  as  soon  as  possible.  Usually,  the  average 
distance  of  haul  is  between  10  and  20  mi,  the  average  time  of 
hauling  is  about  an  hour,  and  the  grapes  are  unloaded  and  crushetl 
within  hours  of  picking.  Haiding  for  as  long  as  4  hours  where 
delivery  times  are  controlled  is  not  detrimental,  but  where  the 
grapes  are  hauled  over  longer  distances  and  are  received  at  the 
winery  the  day  after  picking,  their  cjuality  for  wine  making  will  be 
reduced,  jjarticularly  in  warm  weather.  Some  of  the  larger  wineries 
have  been  successful  in  crushing  the  grapes  in  the  field,  loatling  the 
crushed  grapes  into  gondola  trucks,  sulhting,  and  hauling  the 
sulfited  must  to  the  winery  lor  fermentation. 

On  arrival  at  the  winery,  the  trucks  of  grapes  are  weighed, 
usually  on  a  6()-ft  platlorm  scale,  and  weighed  again  when  un¬ 
loaded.  Where  grajK's  are  purchased  at  the  winery  on  a  sugar  basis, 
a  representative  sample  is  taken  by  the  state  inspector  stationed  at 
the  scales  (random  sample  from  load  delivered  in  held  boxes,  or  by 
a  sampling  tube  thrust  through  the  load),  crushed,  and  pressed 
through  a  muslin  bag  or  cheesecloth.  The  extracted  juice  is  poured 
into  a  hydrometer  cylinder  and  its  Hailing  reading  taken.  It  is 
difficult  to  properly  samjde  the  grapes  and  to  obtain  a  juice  sample 
which  is  representative  ol  the  sugars  present  in  the  harder  or 
j^artially  dried  berries. 


F Hither  details  on  the  proiluction,  harvesting,  and 
grape  varieties  for  wine  making  in  California  are  given 
and  by  Amerine  and  Winkler.--’  The  wine-production 
(adilornia  grapes  are  discussed  by  Amerine.^ 


selection  of 
by  Jacob, 
jjrobleins  of 


ALCOHOLIC  FERMEN  LATION 
In  alcoholic  Icnne.ualion  ol  sugars,  the  chief  piotiutts,  alcohol 
and  carbon  d, oxide,  are  obtained  in  essentially  equitnolecular 
lopoit.ons  I  he  glucose  tnolettile  passes  anaerobically  through 
ttselve  sutble  internietl.ary  steps  before  beco.ning  alcohol  and 
car  ton  diox.de;  at  least  three  and  possibly  eight  tiissociable  organic 
cn/ymes,  twenty  or  more  en/ytne  proteins,  anti  several  inor|,nic 
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catalysts  (aninioniuni,  potassium,  manganese,  magnesium,  and 
copper  ions)  must  be  provided  by  the  yeast  cell,  d'he  mechanism  ol 
alcoholic  lermentation  is  outlined  in  Figure  1  ol  Chapter  2.  In 
titldition  to  alcohol  and  carbon  dioxide,  acetaldehyde,  glycerol, 
2,.8-butylene  glycol,  lactic  acid,  succinic  acid,  and  citric  acid  are 
constant  products  ol  alcoholic  lermentation  and  contribute  to  the 
llavor  and  aroma  accpiirecl  by  the  wine  during  lermentation.  Esters, 
chiefly  ethyl  acetate,  are  also  lorined  and  esterification  of  the  fixed 
acids,  such  as  tartaric  and  malic  acids,  is  cat.dy/.ccl  by  yeast  enzymes. 
I’he  jnesence  of  levulose  and  dextrose  alters  the  course  of  fer¬ 
mentation,  since  the  usual  strains  of  wine  yeast  ferment  dextrose 
more  rapidly  so  that  the  clextrose-levulose  ratio  decreases  during 
lermentation.  Yeast  also  attacks  the  organic  acids  of  grapes  and 
significant  changes  occur  in  the  composition  of  these  acidic  in¬ 
gredients  during  fermentation.  Higher  alcohols  and  acids  are  j)ro- 
clucecl  in  small  amounts  by  the  action  of  yeast  on  the  amino  acids 
present  in  the  must. 

d'he  course  of  alcoholic  fermentation,  jDarticularly  the  for¬ 
mation  of  by-prcjclucts  from  carbohydrate  and  noncarbohycirate 
sources,  depends  ^  the  strain  of  yeast  used,  the  composition  of 
the  must  (particularly  its  sugar  and  tannin  content),  the  tem¬ 
perature  at  which  the  fermentation  is  conducted,  the  extent  of 
aeration,  the  amount  of  sulfite  added  to  the  must,  and  other  factors. 

I'he  nature  and  concentration  of  the.se  by-products  cannot  be  pre¬ 
dicted  accurately.  In  recent  investigations  of  the  conditions  govern¬ 
ing  the  accumulation  of  the  major  by-products,  it  has  been  found 
that  the  various  substances  are  related  to  glycerol  production  ap¬ 
proximately  as  follows:'" 

.5  moles  succinic  acid  2  moles  acetic  acid  -|-  I  mole  butylene 
glycol  -\-  2  moles  acetylmethylcarbinol  +  I  mole  acetaldehyde 
=  0.9  mole  glycerol 

About  2.5  to  .8.0%  of  the  sugar  translormcxl  is  converted  into 
glycerol,  0.2  to  0.4%  into  lactic  acid,  0.02  to  0.10%  into  succinic 
acid,  0.2  to  0.7%  into  acetic  acid,  0.05  to  0.10%  into  butylene 
glycol,  and  about  1  to  2%  is  utilized  by  yeast  for  growth  and 
respiraticjn. 

On  the  assuminion  that  1  mole  of  dextrose  is  converted  into 
2  moles  of  ethyl  alcohol  and  2  moles  of  carbon  dioxide,  the  weight 
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of  alcohol  produced  should  be  51.1%  by  weight  of  the  sugar  con¬ 
sumed.  Under  closely  controlled  experimental  conditions,  the 
highest  yields  of  alcohol  obtained  rarely  have  exceeded  48.0%  of 
the  sugar  converted  and  lower  yields  are  obtained  industrially.  I  he 
Ffench  enologists  commonly  assume  that  1  %  ol  alcohol  by  volume 
is  obtained  per  17  g  of  sugar  fermented  j>er  1,  ecjui\'alent  to  about 
a  l.H%  conversion  by  weight.  I'he  alcohol  content  as  percentage 
by  volume  of  wine  is  usually  estimated  in  terms  ol  the  Balling 
degree  of  the  must  by  multiplying  it  by  a  suitable  lactor.  Fhe 
factor  to  be  used  will  vary  with  the  content  of  nonsugar,  sohdjle 
solids  and  with  the  accuracy  with  which  the  must  is  sampled.  It  is 
tlifficult  to  obtain  a  samjjle  of  the  must  which  truly  rej:)resents  all 
the  fermentable  sugars  ])resent  and  the  nonsugar  solids  are  known 
to  vary  in  amount  and  composition  with  grape  variety  and  maturity. 
The  factor  found  industrially  thus  varies  from  about  51  to  57.5% 
of  the  Balling  degree  of  the  must,  but  this  cannot  be  used  as  a 
criterion  of  fermentation  efficiency.  T  he  true  lermentation  efficiency 
is  not  known. 


The  conccnti ation  of  alcohol  jjrotluced  Irom  grape  juice  by  a 
given  strain  of  yeast,  the  degree  to  which  the  sugar  content  is 
attenuated,  the  rate  and  efficiency  of  fermentation,  and  the  nature 
and  concentration  of  by-products  are  influenced  largely  by  tein- 
jjeiatine,  extent  ol  aeration,  sugar  concentration,  and  acidity. 
1  eniperature  is  extremely  iniponam;  the  lower  the  teinpertittire  the 
highei  is  die  yieki  ol  aleohol  in  lermeiitatioti,  not  only  heeattse  the 
leimentation  is  itiore  complete  hut  also  heeattse  of  the  lower  loss 
ol  alcohol  by  evaporation  and  eiuraitnnent  hy  the  escaping  carbon 
<  toxule  gas.  Tetnperalttre  also  aliects  the  rale  of  fenne.uatioti  and 
the  natitre  atui  ainoums  ol  hy-prodttets  formed.  The  optinnnn  tetn- 
pen, tine  of  lettnen, ation  for  tnos,  varieties  of  wine  veasts  is  80” 
,■>  85  F,  althongh  cold-tolerant  yeasts  are  known  which  will  ferment 
grape  jtnee  a.  50-F.  .Vhove  85-F,  the  fennentative  activity  of  yeas 
decreases  and  lermentations  nsnally  cease  at  lOO'F.  .An  increaL  in 
tempera,,, re  decreases  the  alcohoktoleranee  of  veast  n  .  V 
rapidly  the  toxicity  of  acetic  acid.  More  honqite't  is' formal' Ti^a 
me  by  a  long,  slow  lermentation  at  low  temneratnrp  -  i  * 
short,  rapid  fermentation  at  higher  temperature  A  '  ^  T  * 

Iry  cool  fermentation  is  easier  to  c  e  n  n  is  le  " 
bacterial  spoilage.  For  these  rea.sons,  the  t  n  petnnTT''  't 
-rtation  is  tnaintained  at  not  above  wi":^  .m.: 
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above  85°F  lor  red  wines,  d  he  present  trend  in  the  industry  is 
toward  tool  lerinentations  at  about  5()°F,  jxntit ularly  lor  white 
wines. 

I  lie  delation  necessary  lor  growth  and  inultijilication  ol  yeasts 
is  obtained  ordinarily  by  crushing  and  stennning  grapes  anti  jnnnp- 
ing  the  must  into  the  lennentors.  \’east  nudtijilies  vigorously  in 
such  a  must,  until  most  ol  the  dissolved  oxygen  is  consumetl,  and 
then  the  yeast  lerments  the  must,  .\eration  is  seldom  used  during 
lernientation,  excejJt  when  it  betomes  sluggish.  Excessive  aeration 
during  lernientation  not  only  results  in  a  dedeasetl  lernientation 
ettitiency  but  also  produces  a  Hat,  oxidized  wine  ol  j)oor  color  and 
llavor.  .\eration  hnors  the  lormation  ol  acetic  acitl,  succinic  acitl, 
anti  altlehytles. 

High  sugar  content  lavors  low  lermentation  efficiency  and  if 
the  sugar  content  is  over  .^0%,  sufficient  alcohol  anti  other  products 
are  formetl  to  arrest  lermentation  before  all  the  sugar  has  lermentetl. 
Low  acitl  tontent  lavors  jiroduction  of  atetaklehytle,  glycerol,  and 
volatile  and  fixed  acids,  but  gives  loAver  yield  of  aromatic  principles. 
Sulfur  tlioxitle  aj^preciably  increases  the  amount  of  altlehytles  and 
glycerol.  In  table  wines,  especially,  great  care  should  be  taken  to 
jnevent  the  accumulation  of  altlehydes  and  an  excessive  amount  of 
volatile  acitls  because  of  their  detiimental  eliett  on  llavor,  color, 
and  stability. 


^  E.\s  r  CUL  rURES  AND  S  EAR  I  ERS 
Selected  cultures  of  yeasts  are  commonly  used  in  wine  making, 
particularly  with  sulfur  tlioxitle  to  control  fermentation.  The  wine 
yeast,  Saccharoniyces  cerevisiae  var.  ellipsoideus,  is  tlilferentiated 
from  the  beer  yeast,  Sac(  liaroniyces  cerexnsiae,  largely  on  the  basis  ol 
cell  shape  anti  inability  to  ferment  melibiose.  Different  strains  ol 
Avine  yeast  are  itlentilied  industrially  on  the  basis  ol  the  by-j)i otlucts, 
dillerences  in  lermentation  rate,  let  mentation  efficiencies,  and  setli- 
mentation  rate.  Imj^ortant  dilteremes  ocdir  in  their  ability  to 
utilize  organic  acitls  and  other  ingredients.  In  the  districts  ol 
Euroj)e  where  Avine  making  has  been  practicetl  lor  centuries,  Avine 
yeasts  j)arti(  ulai  ly  atlapted  to  bringing  out  the  I)est  t|ualities  ol  the 
variety  of  grai>e  grown  are  inobably  available  but  systematic 
investigations  of  the  elled  of  various  strains  ol  yeast  singly  and 
in  mixed  cultures  on  the  Acine  jnotluced  Irom  various  varieties  ol 
Avinc  grapes  have  not  been  made. 
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IJiicler  natural  ( onditions,  nn  single  variety  ol  yeast,  but  rather 
a  mixture  ol  several  varieties,  differing  in  alcoholic,  ester,  and 
extract-lonning  jiowers,  together  with  certain  types  ol  acid-tolerant 
bacteria,  will  enter  into  lennentation.  Wdien  these  are  present  in 
pi^per  propoi  tions,  under  suitable  conditions,  a  mixed  lennentation 
occurs  that  is  resjionsible  lor  the  occasional  jn'oduction  ol  excellent 
wine  by  natural  lennentation.  Because  ol  lack  ol  knowledge  about 
the  relation  ol  the  associative  and  comjjetitive  effects  ol  mixed 
cidtures  on  the  (piality  ol  wine  lermentations,  the  difficulty  ol 
obtaining  the  recjuired  flora,  and  the  danger  ol  spoilage  in  natural 
fermentations,  only  selected  varieties  ol  trine  yeast  have  been  used 
in  the  industry.  I'hese  yeasts  liave  been  selected  largely  on  the 
basis  of  their  ability  to  lorm  alcohol  rather  than  llavor  and  are 
usually  imported  from  select  enological  regions  abroad.  It  is  now 
known,  however,  that,  in  general,  llavor  formation  by  veasts  varies 


inversely  with  their  alcohol-forming  jKiwers  and  that  ester  formation 
in  wines  may  occur  through  the  direct  agency  of  yeasts  and  bacteria. 
1  he  apjdication  ol  this  knowledge  to  California  conditions  is  yet  in 
its  infancy  and  because  of  the  danger  ol  spoiling  wines,  mixed 
cultures  are  not  recommended. 

Not  all  bacteria  in  wines  and  musts  are  harndul;  some  jnoduce 
desirable  changes.  For  example,  lactic-acid  bacteria  capable  of 
converting  malic  acid  into  lactic  acid,  with  a  resultant  decrease  by 
about  one-third  of  the  total  acidity  and  a  marked  increase  in  pH, 
are  especially  cultivated  in  German  and  Swiss  wines  of  unusuallv 
ugh  acid  content  and  the  Bordeaux  school  of  enologists  considers 
this  so-called  malo-lactic  fermentation  to  be  a  most  important 
factor  in  determining  the  (piality  of  their  red  wines. 

The  relative  desirability  of  conducting  fermentations  with  a 
Miigle  stiani  of  selected  wine  yeast  (S.  cerevisiae  var.  ellibsoideus) 
-  -m.par.son  with  fermentations  conducted  bv  mixed  floia  hi 
ong  inteiested  Li.ropean  enologists.  While  it  is  likely  that  the 
ptoper  succession  of  lermentation  flora  niav  be  involvLl  in  the 

„|  l„,e  w.ncs,  il.cre  is  little  stietttilit  cvitlet.te  o„  tite  sttl,- 
l«t.  I  he  jmssibihty  of  controlling  flavor  bv  the  r 

ol  yeasts  other  than  ,S.  ccrcncw.c  has  .  v. 

attention  of  Gastelli  i  '  ^  atti acted  the 

-'-1^  lu.  been  hnnid  ’ 

<a.,  lentte.it  must  with  the  prothtetiot.  „l  „vci“lOr  -,1  T"l  “ 

. . . .  ""  -<i  nttty ,!  ,::::,:!:,ti::h,e 
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than  tlie  true  wine  yeast.  A  systematic  investigation  ol  these  fields 
would  he  highly  desirable. 

Burgundy  aiwl  champagne  strains  of  wine  yeasts  used  in  Cali¬ 
fornia  are  considered  best  for  starters,  because  they  form  a  heavy 
granular  and  comjxict  seiliment  toward  the  end  of  the  fermentation 
and  produce  satislactoiy  fermentations.  Whnes  made  with  them 
clear  rapidly,  leasts  are  generally  supplied  to  the  winery  as  streak 
cultures  on  nutrient  agar  in  cotton-stoppered  test  tubes  or  bottles, 
kor  projiagation  at  the  wineiy,  the  bottle  culture  is  preferable  be¬ 
cause  of  its  larger  si/e. 

I  he  yeast  starter  is  increased  in  volume  before  use,  preferably 
by  growing  in  a  suitable  pure-culture  system.  It  may  be  increased 
in  volume,  with  suitable  ])recautions  against  infection,  by  successive 
transfers  from  the  original  culture  to  quantities  of  sterile  must 
increasing  in  volume.  For  example,  starting  with  a  V2-\n  culture, 
successive  transfers  may  be  into  1  gal,  5  gal,  50  gal,  and  500  gal  of 
sterile  must.  The  transfers  are  made  at  the  height  of  activity.  I'he 
starter  is  at  its  maximum  activity  when  the  Balling  degree  of  the 
must  in  which  it  is  grown  has  been  reduced  about  one-half.  The 
smaller  quantities  of  must  are  bulk-pasteurized  and  the  larger 
(over  50  gal)  are  sulfited  before  use.  I'he  sulfited  must  should 
stand  for  several  hours  before  the  yeast  starter  is  added.  In  larger 
containers,  aeration  may  be  necessary  before  or  after  addition  of 
starter. 

A  better  procedure  is  to  use  a  |)ure-yeast-jn-opagating  apparatus 
which  consists  essentially  of  two  closed  tanks  equijqx‘d  with  steam 
and  cooling  coils  and  air  distributors.  One  tank  is  set  above  the 
other.  Cirajie  juice  is  introduced  into  the  uj>per  tank,  pasteurized, 
cooled,  aerated,  and  then  drojjped  into  several  gallons  of  active 
starter  in  the  lower  tank.  When  the  must  is  in  active  fermentation 
in  the  lower  tank,  all  but  a  few  gallons  of  it  are  withdrawn  and 
fresh  sterile  must  is  then  introduced  into  the  culture  vessel. 

It  is  best  to  inoculate  each  fermenting  vat  with  a  fresh  yeast 
staiter,  because  transfer  from  vat  to  vat  is  sure  to  cause  contamina¬ 
tion  with  other  yeasts.  As  little  as  1%  by  volume  of  active  starter  is 
satisfactory  when  the  juice  is  clean  and  is  fairly  free  from  un¬ 
desirable  wild  yeasts  and  bacteria;  rarely  is  it  necessary  to  add  over 
5%  starter.  T  oo  much  starter  should  not  be  used,  lor  it  may 
|)roduce  rapid  and  violent  fermentation,  during  which  heat  may  be 
generated  too  rajn'diy  to  be  controlled,  even  by  cooling. 
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CON  T  ROL  OF  FFRMLN  I  A  FION 
Flic  appearance,  flavor,  and  aroma  of  the  wine,  its  sciiindness 
and  freedom  from  disorder  or  diseases,  and  its  resistance  to  bacterial 
attack  during  storage  will  depend  largely  on  the  kind  of  microbial 
growth  in  the  fermenting  mass  and  on  the  character  of  the  fer¬ 
mentation.  Fhe  growth  and  activity  of  the  desired  organisms,  wine 
yeasts,  must  be  furthered,  whereas  that  of  the  undesirable  organisms, 
wild  yeasts  and  bacteria,  must  be  hindered.  Fortunately,  micro¬ 
organisms  difter  in  their  nutritional  requirements,  their  require¬ 
ments  for  oxygen,  their  tolerance  for  acid  and  alcohol,  in  their 
resistance  to  antiseptic  agents,  such  as  sulfur  dioxide,  and  in  their 
response  to  temperature. 

The  most  serious  spoilage  is  caused  in  musts  by  the  unchecked 
acti\  ity  of  acetic  and  lactic  acid  bacteria  and  in  wines  by  the  activity 
of  lactic  acid  bacteria.  The  suscejjtibility  of  wine  to  bacterial 
attack  varies  with  acidity,  alcohol  content,  presence  of  substances 
liberated  by  tlecomposing  yeast  cells,  and  degree  of  exhaustion 
of  nutrients,  such  as  phosphates,  and  nitrogenous  matters.  Wines 
from  musts  of  moderate  to  high  acid  content,  fermented  rapidly 
and  continuously  at  low  temperatures,  are  most  resistant  to 
liacterial  attack  and  arc,  besides,  of  better  (juality.  kor  propagating 
the  desired  alcoholic  fermentation,  the  number  of  true  wine  yeasts 
should  predominate  over  those  ol  other  microorganisms  and  the 
environmental  coiulitions  (comjjosition  of  must,  temjjcrature,  aera¬ 
tion)  should  be  made  lavorable  to  their  groAvth  and  activ'ity. 

In  the  industrial  control  of  fermentation,  mass  inoculation  with 
active  starter  into  must  previously  sulfited  to  inhibit  growth  of 
undesirable  yeasts  and  bacteria  and  tenijierature  control  are  used. 


Sulfur  Dioxide 

Sullur  dioxide,  a  gas  at  ordinary  temperatures  and  pressures, 
IS  widely  used  as  a  liquid  under  pressure  or  as  sulfurous  acid  or 
its  acid  salts  (the  bisulfues  and  metabisulfites)  in  preparing  and 
in-eservmg  wine.  In  water  solutions,  it  exists  as  dissolved  gas,  sul- 
fnrous  acid,  bisidfite  ion,  and  sulfite  ion.  The  pH,  temperature 
and  concentration  determine  the  proportions  of  the  species  present’ 
ten  added  as  a  salt  (potassium  bisulfite,  KHSO,,  or  potassium 
metabisulfite,  KAO.-.)  to  a  must,  the  salt  is  largely  hydrolv/ed  into 
sullurous  acid  and  bisulfite  ions.  Sulfurous  acid  and  the  bisulfites 
are  readily  oxidized  to  sulfates  by  oxygen  or  other  oxidizing  agents 
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and  will  also  combine  with  aldehydes,  ketones,  and  sugars  to  torm 
bisidhte  addition  products.  1  he  pH,  sugar  content,  aldehyile  con¬ 
tent,  and  teinjjeratnre  largely  inllnence  the  projjortions  ol  the  iree 
aiul  combined  snllnr  dioxides.  I  he  Iree  sullur  dioxide  (including 
dissolved  sullur  dioxide,  sidlurous  acid,  and  bisullite  ion)  exerts  the 
desired  eilects  in  wine  making  and  wine  pre.servation.  Its  utility 
is  ba.scd  on  its  reducing  or  antioxidant  projjerties  and  its  selective 
antiseptic  ellect.  It  also  exerts  a  clarilying,  dissolving,  and  acidily- 
ing  inllnence. 

1  he  use  (jI  excessive  amounts  ol  sullur  dioxide  should  l)e 
avoided,  because  it  not  oidy  detracts  Irom  the  flavor  ol  the  wine 
aiuI  interferes  with  the  natural  aging  but  also  leads  to  undesirable 
turbidities  and  de])osits  Avhen  copj)er  salts  are  present  in  wine.  Only 
the  minimum  (piantity  necessary  lor  jiiojjer  control  and  fermenta¬ 
tion  shoidd  be  used.  When  proper  sanitary  precautions  are  used  in 
picking,  crushing,  fermenting,  and  storage,  sulfur  dioxide  need  not 
be  used  in  objectionable  amounts.  Small  doses  rej^eated  as  necessary 
are  ])referable  to  a  single  large  dose. 

rhe  antiseptic  power  of  sidfur  dioxide  dej^ends  on  the  com¬ 
position  of  the  must,  j^articularly  its  content  of  sid)stances  capable 
of  forming  bisidhte  addition  compounds  (aldehydes,  ketones,  sugars, 
etc.),  jjH,  and  temperature.  Sulfur  dioxide  added  to  must  combines 
raj)idly  with  aldehydes  and  sugars  and,  in  the  combined  form,  is 
markedly  less  antise]nic.  Crucss‘‘  and  llioletti  and  Cruess*'  rejiorted 
it  to  lie  one-sixtieth  as  antisejitic  in  the  combined  form  toward 
yeast  and  acetic  bacteria  and  more  recently  Ingrand"  found  only 
the  free  sulfur  dioxitle  to  be  germicidal  to  Zygosaccharomyces  in 
orange-juice  concentrate.  Fornachoid^  found,  however,  that  bound 
snllnr  dioxide  has  a  jjronouiKed  antiseptic  effect  on  .s]K)ilage  bacteria 
in  fortified  wine  and  prevents  their  growth  even  when  very  little 
free  sulfur  dioxide  is  jiresent. 

The  jiroportion  of  combined  sulfur  dioxide  increases  with  sugar 
and  aldehyde  content;  it  decreases  with  increase  in  amount  of 
sulfur  dioxide  added  aiul  with  increases  in  temperature  and  acidity 
of  the  must.  At  a  pH  of  2.8,  in  a(|ueous  solutions,  about  10%  of 
the  sulfurous  acid  is  free,  tvhereas  at  jiH  .A8,  it  is  only  1%  lice. 
Moreau  and  Vinet""  reported  a  loss  in  antise]Mic  power  of  !17.h% 
when  the  acidity  of  an  acid  must,  containing  200  mg  of  free  sulfur 
dioxide  j>er  liter,  tvas  reduced  by  0..8%  as  tartaric.  During  the 
period  of  1928  to  19.S8,  the  conditions  in  wine  and  must  were 
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siiiclied  that  detciniine  the  c(iiulil)i imn  between  Iree  and  toinbined 
snllnr  dioxide  and  an  antiseptic  index  lor  I-renth  wines  and 
nnists  was  set  np.  No  coniidete  investigation  ol  the  snllnr  dioxide 
etjnilibria  in  Cialiiornia  wines  and  nnists  has  been  made. 

>  The  antiseptic  power  ol  snllnr  dioxide  also  varies  with  the 
kind  and  activity  ol  inicroorganisins  present.  I  hns,  wine  yeasts 
are  less  sensitive  to  snllnr  dioxide  than  are  most  ol  the  common 
yeasts,  molds,  and  bacteria  ocenrring  in  gra]K-s  and  wine.  Very  small 
amounts  ol  sullur  dioxide  (equivalent  to  5  o/  ol  potassium 
metabisullite  per  ton  ol  grapes,  in  most  cases)  suHice  to  prevent 
liTowth  ol  molds  and  wild  yeasts.  As  Cruess"  and  others  have 
shown,  100  ppm  ol  sullur  dioxide  (0  oz  ol  jKitassium  metabisulhte 
jier  ton)  will  eliminate  over  99.9%  ol  the  active  cells  ol  micro¬ 
organisms  Iroiii  normal  musts.  By  properly  timing  the  sidliting  and 
the  addition  ol  wine-yeast  starter,  the  lull  eiiect  ol  the  maximum 
amount  ol  Iree  sullur  dioxide  is  exerted  on  the  injurious  organisms, 
while  the  wine  yeast  is  exposed  to  the  minimum  amount  ol  Iree 
sullur  dioxide.  Furthermore,  the  wine  yeasts  can  adajJt  them¬ 
selves  to  sullur  dioxide  and  become  comparatively  resistant  to  it. 
Porchet^“  has  lound  this  adaptation  to  be  quite  marked. 

The  antisejjtic  action  ol  sidlur  dioxide  toward  microorganisms, 
{particularly  yeasts,  varies  with  the  stage  ol  tlevelopment  and  the 
numbers,  being  greater  on  the  resting  or  sjpornlating  yeasts  and 
the  more  ellective  the  lower  the  numbers  {present.  Yeast  in  lull 
activity  is  more  resistant  t(p  snllnr  diipxide,  {partly  because  ol  its 
ra{pid  fixation  by  the  aldehydes  formed  in  fermentation,  {partly 
betause  of  the  mechanical  entrainment  ol  sullur  diipxide  gas  bv 
taibbn  dioxide  gas,  and  {partly  because  of  the  natural  increase  in 
resistance  (p1  the  cell. 


I  he  lower  the  tenqperature  ol  fermentaticpu,  the  lower  con- 
centratKpn  (pf  sullur  dioxide  is  retpiired  t(p  {prevent  the  develo{pment 
of  undesirable  microorganisms. 


To  coiuiol  lermcnuiion,  tlie  amount  of  sullur  dioxide  to  he 
added  to  a  given  must  depentls  on  the  tlegiee  ol  tipeness  and 
soundness  ol  the  grapes,  the  tenij,ei ature  ol  the  grapes  anti  must 
and  the  weather  conditions  at  the  time  ol  ernshittg.  Overrioe 
grapes,  r.ch  ,n  sugar,  ol  high  pH,  and  low  in  arid,  mokly  grapes 
ami  warn,  g.apes  .eepnre  .note  sttllnr  dioxide  than  cool, 'sound 
gr.tpes  ol  .node,  ate  sugar,  low  pH  and  high  acid  trnttenl.  In  Furope 
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tlie  amount  usually  addetl  in  hot  regions  is  100  to  200  ppm;  in  coo 
regions  less  than  100  ppm. 

Litjuid  sullur  tlioxitle,  the  gas  litpielied  under  jnessiire  ant 
held  in  heavy-walled  steel  cylinders,  is  now  extensively  used.  It- 
advantages  are  purity  and  relative  cheapness.  By  any  ot  severa 
measuring  devices  lor  dispensing  the  sullur  dioxide,  an  exacs 
amount  ol  the  gas  can  he  introduced  directly  into  the  must  or  wint 
Irom  the  cylinder.  Willson,  W'alker,  Mars,  and  Rinelli^®  describee 
the  available  methods  ol  measuring  sullur  dioxide  by  weighing,  b) 
volume  and  by  metering,  d'he  most  commonly  used  method  in  the 
winery  is  a  jnessure  vessel  litted  with  a  gage  glass  calibrated  it 
volumes  equivalent  to  a  pound  and  usually  ol  9  to  2.S  lb  capacity 
so  that  they  can  be  easily  transjjorted. 


("oiilrol  of  Temperature 

C^onsiderable  heat  is  generated  during  alcoholic  lennentatioi 
and,  unless  dissipated,  will  cause  a  rise  in  temperature  ol  the  must 
I'he  amount  liberated  in  the  lei  mentation  has  been  calculated  Iron 
the  difference  ol  heats  ol  combustion  lor  the  lermented  material  ant 
lor  the  jn-oducts  lormed.  This  computation  is  not  very  accurate 
because  there  are  errors  in  combustion-heat  determinations,  becaust 
corrections  must  be  made  lor  heats  ol  solutions  ol  products  am 
lor  escaping  gases,  because  the  concentration  ol  reacting  substance: 
continuously  decreases  while  that  ol  the  protlucts  increases,  am 
because  the  lermentation  occurs  in  successive  stages  ol  decompositioi 

ol  sugar. 

Rahir’"  has  calculated  the  heat  evolved  Irom  180  g  ol  sugai 
(ousumed  in  (he  reac  tion 


(;,J1..(),. - ^  2(211.011  +  2C(b 

to  be  2(').0  (ial  when  the  sugar,  alcohol,  and  carbon  dioxide  are  ii 
their  smmlard  state;  other  reported  calculations  vary  Irom  22  to  .4.^ 
Oenevois,*''  in  a  more  recent  calculation,  has  reported  28.0  Cal  whei 
the  reacting  substances  and  products  are  in  dilute  solution.  Winzle 
ami  Baumberger’’  have  given  a  calcidated  value  ol  22.5  (ad  lo 
dextrose  at  a  concentration  ol  1  X  alcohol  at  2  X  1<>  '* 

and  carbon  dioxide  gas,  at  a  pressure  ol  0.000.4  atm. 

The  heat  evolved  in  actual  lermentations  has  been  measurec 
!,y  a  number  ol  investigators.  Ol  the  earlier  measurements,  those  o 
Boullard*'  in  1895  are  most  consistent;  he  lound  the  heat  ol  lei 
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mentation  ot  grape  juice  to  vary  Iroin  2M.1  to  25.7  Cal  per  180  g  oi 
sugar  lennented. 

On  the  basis  ol  25.5  Cal  per  180  g  ol  sugar,  the  temperature  ol 
a  must  containing  22%  ol  sugar  would  iise  about  52  F  il  <ill  the 
h^at  developed  by  lernientation  were  preventetl  Irom  escaj)ing. 
I'hat  is,  lor  each  Balling  degree  ol  sugar  in  the  must,  sufficient  heat 
is  generated  during  lei  mentation  to  raise  the  temj^erature  apjiroxi- 
mately  2.S4°F.  11  the  initial  temperature  ol  the  must  were  hO°F, 
it  woidd  reach  lOO^F  and  lernientation  would  cease  while  still 
containing  5%  ol  sugar.  In  practice,  these  temperatures  are  not 
reached  because  heat  is  lost  by  radiation  Irom  the  open  surlace  ol 
the  lermentor  to  the  surroundings,  by  conduction  tlirough  the  walls 
ol  the  lermentor,  and  by  loss  in  the  evolved  carbon  tlioxide  gas. 

7'he  temperature  to  which  the  lermenting  grapes  or  must  will 
rise  is  determined  by  their  temperature  when  crushed,  jilus  the 
rise  in  temperature  due  to  the  heat  generated  by  lernientation  and 
minus  the  heat  lost  during  lernientation  by  radiation  and  conduc¬ 
tion.  The  warmer  the  grajies  and  the  more  sugar  they  contain,  there- 
lore,  the  higher  the  temperature  will  rise.  Cooling  the  grajies  or 
must  belore  lernientation,  lermenting  in  vats  with  a  large  radiating 
surlace  per  unit  volume,  and  cooling  the  lermenting  must  itsell  are 
the  means  by  which  dangerously  high  temperatures  can  be  jire- 
vented.  Even  in  the  cool  coastal  regions,  where  small  lernientation 
vats  are  used,  cooling  during  lernientation  is  necessary  in  controlling 
the  temperature,  particularly  early  in  the  vintage  season.  Wdiere 
large  lermenting  vats  ol  5,0()()  to  10, 000  gal  cajiacity  are  used  lor 
lermenting  dry  table  wines,  the  lermenting  must  has  to  be  cooled 
artificially,  even  il  the  grapes  are  cool  when  crushed. 

Cooling  must  not  be  too  extreme  and  should  not  be  carried 
out  111  the  late  stages  ol  lermentatioii,  or  lernientation  will  be  too 
prolonged.  It  is  better  to  (ool  the  must  initially,  il  necessary,  to  a 
point  some  10°F  below  the  maximum  temperature  desired  and  then 
to  cool  again  at  the  height  ol  the  lernientation,  when  the  Ballim. 
degree  has  decreased  to  approximately  hall  its  initial  value  and  the 
yeast  cells  are  more  numerous  and  more  active.  At  this  stage,  cooling 
will  have  less  retarding  ehect  on  the  lernientation.  The  temperature 
o  the  must  at  this  stage  should  be  reduced  about  1.5°F  lor  each 
t  egree  Balling,  so  that  the  final  temperature  will  not  exceed  thai  at 
Hs  point.  It  IS  desirable  to  cool  even  lurther  so  that  the  maximum 
desirable  temperature  is  not  exceeded. 
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A  imilorni,  low  Icrmcniation  tcMiipcraturc*  is  best  and  can  some¬ 
times  be  obtained  by  means  ol  cooling  coils  through  wliicli  cold 
water  or  other  relrigerating  Iluid  circulates.  These  coils  must  be 
jjroperly  placed  and  l)e  large  enough  lor  adequate  temjjerature 
control.  More  ]>ositive  residts  are  obtained  by  passing  the  must 
through  tid)ular  or  plate  heat  interchangers  in  which  it  is  cooled  by 
indirect  contact  with  a  sintable  relrigering  agent,  such  as  cool  well 
water,  ice  water,  cold  brine,  or  some  other  suitable  substance.  It  may 
be  sprayed  over  the  coils  through  which  the  must  is  pumped,  or  con¬ 
veyed  in  outer  tubes  past  inner  tubes  containing  the  must.  Any 
relrigerator  used  should  be  constructed  ol  corrosicjii-resistant  metals. 
To  lacilitate  pumjdng  through  the  relrigerator,  the  must  should 
be  drawn  oil  through  a  screen,  to  sejjarate  out  skins  and  seeds  into 
a  sumj).  It  may  then  be  sent  through  the  cooler.  In  emergencies, 
cooling  may  be  accomj>lishecl  by  adding  ice  directly  to  the  ler- 
menior,  but  as  this  dilutes  the  must,  only  small  cpiantities  should 
be  used. 

rhe  use  ol  a  jjroperly  designed  cooling  coil  mounted  within  the 
lernientor  will  residt  in  a  mc:)re  nearly  unilorm  temperature  ol  ter- 
nientation,  lower  cooling  load  and  less  oxidation.  Marsh^^  has  sug¬ 
gested  to  mount  the  cooling  coils  1  It  away  Irom  the  side  walls  and 
in  central  persition  with  resj^ect  to  the  height  ol  the  side  wall.  Solt 
drawn,  2-in.  cojjper  tubes,  mounted  at  10  to  12-in.  centers  vertically 
are  most  commonly  irsecl  in  concrete  lermentors;  at  least  one  lineal 
loot  ol  piping  lor  each  100  gal  ol  lernientor  cajjacity  is  provided. 

In  the  jne|}rohibition  era,  this  use  ol  cooling  coils  in  red-wine 
lermentors  was  not  satislactory,  because  the  centrally  located  coils 
and  their  sujijioiting  Irames,  as  installed  in  wooden  lermentors, 
interleied  with  the  punching  clown  ol  the  cap  and  did  not  control 
the  temperature  ol  the  cap.  I'heir  ])resent  suc-ce.sslul  use  in  concrete 
lermentors  is  clue  to  imjiroved  design  and  the  substitution  ol  pump¬ 
ing  over  lor  |nmc  hing  in  controlling  the  cap. 

The  lermentation  ol  red  wine  in  the  presence  ol  grape  skins, 
widely  used  lor  color  extraction,  has  long  been  critici/ed.  .\s  early 
as  I9I.S,  Mathieu  recommended  heating  ol  Ireshly  crushed  grapes 
to  a  high  temperature  (M()°F)  to  extract  color  with  subseciuent 
cooling  and  jiicssing  ol  the  heated  grapes  and  lermentation  ol  the 
exjjressed  juice  at  low  temjjeratures.  This  method  was  used,  to  a 
limited  extent,  in  Calilornia  during  the  preprohibition  period,  but 
was  abandoned  later.  Most  ol  the  red  wine  made  in  New  York  is 
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made-  l)y  tliis  process  cssciiiially  and  Marsh"'  has  called  it  to  the 
attention  ol  (ialilornia  wine  makers. 

Marsh""  has  calculated  that  the  ininiinuin  cooling  recjuirements 
lor  iennentation  are  150, dOO  litu  per  1,000  gal,  with  a  sale  figure 
o^250,000  Htu  lor  load  ealeedations.  I  he  principal  external  coolers, 
in  most  common  use  hy  ^\’ineries  producing  table  wines  exclusively, 
are  single-pass,  water-cooled,  eounterllow,  shell  and  multitube 
coolers.  They  consist  ol  sev^eral  20-lt  lengths  of  .S-in.  or  -l-in.  gal¬ 
vanized  iron  pij^e  inside  of  which  are  mounted  three  to  seven  thin- 
walled  4^-in.  or  1-in.  copj^er  tubes  joined  together  by  a  system  ol  re¬ 
turn  bends  designed  to  produce  separate  water  and  wine  flow.  The 
cooling  surface  varies  from  121  to  128  scj  ft  in  the  various  types  of 
units.  Plate  coolers,  which  are  coming  into  use,  have  the  advantage 
of  flexibility  of  operation,  high  rate  of  heat  transfer,  small  size,  and 
construction  of  conosion-resistant  metals.  I  heir  chief  disadvantage 
is  that  the  must  has  to  be  screened  carefidly  to  prevent  seeds  and 
skin  j^articles  from  jdugging  the  channels  between  the  plates.  T  he 
rate  of  heat  transfer  in  the  shell  and  tid^e  coolers  was  found  by 
.Marsh  to  vary  Irom  111  tci  .H90  Btu  per  hcjur  per  scpiare  foot  cjf 
cooling  area  per  degree  mean  temperature  difference.  The  use  ol 
cooling  water  is  mcjst  economical  when  the  flow'  of  wine  and  water 
through  the  unit  are  ajjproximately  ecjual. 

T  he  tem]ieratures  reached  in  the  fermenting  vats  should  be 
noted  lrec|uently.  I  lie  rise  is  greater  in  open  red-wine  fermentors 
than  in  closed  white-wine  fermentors,  becatise  heat  is  lost  more 
slowly  Irom  the  surface  of  the  first;  in  the  second,  the  iiomace  tends 
to  rise  to  the  to]i,  forming  a  semidry  “caii,”  which  retards  heat  loss 
by  radiation.  One  should  take  the  temperature  of  the  wine  jtist 
below  the  cap  after  punching.  The  heat  is  highest  here  because  of 
the  insidating  effect  of  the  cap.  T  he  reading  should  be  taken  on  a 
long-stemmed,  easily  read  thermometer  the  bulb  of  which  is  im¬ 
mersed  in  the  vat.  Temperatures  read  on  thermometers  attached  to 
hydrometers  or  on  small  thermometers  jmlled  out  of  the  vat  to 
l)C  read  may  be  Unv  by  as  much  as  lll-K.  Re„K,vi„g  a  sample  Inmi 
die  vac  with  a  wine  thiel,  lianslerriT.g  k  i„  a  bydromelei  jar,  reading 
l  ie  hydro.neler,  and  tlicn  reading  the  chernnnncccr  in  ,l,c  liv 
tirometer  is  not  die  prnper  way  K,  take  tlie  teniperalnre  „l  wine 
I.ong.stennned  tlierninineters  with  an  in.iieating  dial  are  availalile 
toi  uinciy  use.  In  die  larger  plants,  reenrding  ihennotneters  are 
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usclul,  since  they  lurnish  a  j^eniiaiieiit  record  ol  the  leriiperatures 
attained  in  lennentation. 

(a)ld  cveather  dining  the  late  lall  or  early  winter  may  result  in 
sticking  (cessation  ol  lennentation)  because  ol  lowered  temperature. 
In  this  case,  in  order  to  complete  the  lennentation,  it  may  be  neces¬ 
sary  to  warm  the  wine  b\’  using  a  tnbnlar  heat  interchanger,  such 
as  a  pastein  i/er. 


FERMEN  l  A  riON  ERAC  EICES 

1  here  are  wide  clilierences  in  the  actual  methods  oi  fermenta¬ 
tion  used  in  various  wineries,  depending  on  the  types  of  wine  tcj  be 
prodnced,  scale  ol  operation,  and  available  ecpiipment.  T  here  is 
even  variation  in  the  tinit  jjrocesses  involved.  It  is  generally  agreed, 
however,  that  the  most  important  unit  operations  are;  nnloacling  of 
graj)es,  conveyance  to  crushers,  crushing  and  separation  of  stems 
from  skins  and  pulp,  coineyance  of  pulp  to  fermentation  vats, 
addition  of  sulfite,  addition  of  jmre  yeast  starter,  fermentation,  and 
sejiaration  of  wine  from  jiomace.  T  he  operations  in  the  mamdacture 
of  wine  are  summarized  in  the  How  diagram  of  Figure  15. 

In  the  production  of  red  wines,  color  extraction  is  an  additional 
operation  which  may  be  accomjilished  either  by  fermentation  in 
contact  with  skins,  or  the  anthocyanin  jiigments  may  be  extracted  by 
heat  and  the  colored  juice  separated  from  the  skins  and  seeds, 
cooled,  and  then  fermented.  T  he  first  jirocess  is  usually  followed 
in  California;  the  second,  and  more  jirclerable  process,  has  long 
been  used  in  New  \'ork. 

In  the  production  of  white  wines,  contact  of  the  juice  with 
skins  and  seeds  is  limited  and  the  juice  is  separated  shortly  after 
sulfiting.  Storage  of  the  must  after  sulfiting  is  practiced  to  facilitate 
separation  by  action  of  naturally  occurring  pectic  enzymes  and 
hemicelluloses.  T  he  addition  of  pectic  enzyme  jireparations  to  the 
must  from  white  gnipes  facilitates  the  separation  of  skins  and  seeds 
from  the  juice  and  aids  in  the  clarification  of  the  wine,  but  may 
increase  the  susceptibility  to  browning  or  discoloration. 

Not  only  should  the  grtipes  brought  to  the  winery  be  in  sound 
condition,  but  till  eipiijmient  (conveyors,  crushers,  pumps,  must  and 
wine  conduits,  tanks,  etc.)  coming  into  contact  with  the  grapes  or 
w'ine  must  be  clean  and,  where  iiossiblc,  aclecjuately  suUited.  T  he 
pick-up  of  metals,  such  as  copper  and  iron,  particularly  by  the 
wine  should  be  avoided.  T  he  tolerance  of  wine  for  iron  salts  is 
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known  to  be  greater  than  lor  copper  salts.  A  wine  containing  over 
5  ppni  total  iron  or  over  0.2  J^pm  copper  is  unstable  and  is  subject 
to  clouding  and  sedimentation  alter  bottling.  Ihe  more  heavdy 
sulfitetl  white  wines,  particularly,  should  not  come  into  contact 
w^th  copper-bearing  surlaces.  Excessive  aeration  during  lermenta- 
tion,  and  especially  during  the  handling  ol  wine  in  the  usual  cellar 
operations,  should  be  prc'vented  in  order  to  a\'c)id  brotvning  and 
discoloration. 


.  Tloxv  Diagram  of  Wine  Manufacture 


Fic;lrf.  15 
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(loiiveyorn 

(-oiueyois  aic  widely  used  iii  unloading  and  handling  giapes  at 
the  winery.  Motleni  eonveyors  are  eonstrueted  to  serve  a  dual 
unloading  jiurpose.  One  side  ol  the  conveyor  is  hiult  to  accom¬ 
modate  iiutomatic  unloading  and  tlie  c)ther  side  to  unload  grapes 
brought  to  the  winery  in  field  boxes. 

d  he  side  lor  boxes  must  be  higher,  at  least  as  high  as  the  truck 
bed.  I  his  height  may  vary,  dej^ending  on  the  si/e  ol  the  truck, 
l)ut  is  ordinarily  between  18  and  52  in.  d’he  other  side  ol  the 
conveyor  is  much  lower  ior  automatic  unloading;  it  should  not  be 
over  .Sh  in.  high,  and  28  to  .^0  in.  is  preleralile.  Cionveyors  built  ol 
concrete  throughout  are  not  recommended  because,  once  a  concrete 
conveyor  is  jxnired,  it  cannot  be  moved.  W'ood  conveyors  are  satis- 
lactory,  except  that  they  recpiire  more  maintenance. 

The  latest  development  in  conveyor  construction  is  to  build  in 
sections  and  tcj  use  steel  throughout.  Steel  conveyors  are  as  strong  as 
concrete  and  are  mo\'able.  The  ordinary  conveyor  is  50  to  OO  It 
long,  with  an  incline  ol  Irom  15  to  20  It.  .\11  conveyors  should  be 
lined  on  the  bottom.  .V  glass  lining,  which  extends  the  lile  oi  cleats 
materially,  has  jjroved  very  satislactory.  (deats,  which  are  made  ol 
wocxl,  will  wear  out  in  one  season  and  must  be  rejjlaced  il  they  run 
on  a  wood  suriace.  W'ooden  cleats  running  on  a  glass  surlace  have 
lasted  .d  years  without  showing  a  great  deal  ol  wear.  It  is  thought 
that  tile  lining  will  jjrove  just  as  satisfactory.  Steel  lining  has  given 
as  good  service  as  glass,  but  is  undesirable  because  oi  metal  pick-up; 
however,  proper  maintenance  with  acid-resisting  paints  will  largely 
eliminate  the  metal  pick-up. 

The  conveyor  chain  used  dei)ends  largely  on  the  type  oi  opera¬ 
tion.  For  an  all-purpose  conveyor,  the  No.  988  manganese  bron/e 
chain  with  cleat  sjjacing  oi  about  15  links  or  apj^roximately  18  in. 
should  be  used.  T  his  chain  is  regulatetl  to  o|)erate  at  a  rate  ol 
al)out  hO  it  jx'i  minute. 

(Irushers  and  Steminers 

The  grajx's  are  conveyetl  to  the  crushers  where  the  berries  are 
crushed  or  macerated  to  liberate  the  juice  and  the  stems  are 
sej)arated  irom  the  resulting  must.  Care  should  be  taken  not  to 
macerate  the  skins  excessively.  The  seeds  should  not  be  crushed, 
nor  should  the  juice  be  exinessed  irom  the  stems.  I'he  grajK-s  may 
be  crushed  between  two  grooved  metal  rollers  which  crush  and 
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tear  the  grapes  while  revolving  in  opposite  directions  at  tlie  same  or 
at  dirterent  speetls.  1  he  rollers  nuist  he  set  lar  enough  aj)ait  so 
that  the  seeds  are  not  broken,  hut  close  enotigh  to  citish  all  the 
Irnit.  The  proper  distance  between  them  depends  on  the  variety, 
iiHitnrity,  and  conditions  oI  growth  ol  the  grapes.  1  he  crushed 
grapes  and  stems  dioji  down  into  one  end  ol  a  perlorated  cylinder 
where  they  are  separated  on  rotating  st  reens  or  by  revolving  t  iirved 
lilade  paddles.  The  larger  crnsher-stemmers  use  hnger-type  pickers 
to  sejiarate  the  stems.  Other  crushers  have  very  rapidly  revolving 
jiaddles  set  in  a  more  slowly  revolving  perlorated  (yliiuler  (Figtire 
lb).  The  grajies  are  knocked  against  the  sides  ol  the  cylinder  and 
crushed;  the  nmst  drops  through  the  holes  in  the  cylinder  and  the 
stems  contintie  to  move  out  throtigh  the  end.  The  yield  ol  stems 
j)er  ton  of  grapes  will  vary  from  4^1  to  91)  lb,  nsnally  60  to  70  lb, 
occtipying  a  vohnne  of  2  to  .S  cn  ft.  (a  tishers  vary  in  si/e  from  as 
low  as  10  tons  per  hour  to  as  large  as  100  tons  ]jer  hotir. 


FuaiRi.:  16.  hmde  I'iew  of  a  Crusher-Stemmer 


J»lust  Haiiclling 

The  .„us.  is  puinpccl  ho,,,  the  ol  ,he  crusher  ihroueh 

.1  must  hue  to  the  lenuc.uiug  tanks.  I  !,e  pistou  and  hall  type  utust 
pumps  lortuetly  used  proved  to  l,e  expensive  in  ttpkeep  att.l  tun 
eu  ite  y  satis  attoiy.  I  he  ccntrilugal  pump  being  employed  ahnosl 
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exclusively  today  has  a  paddle-type  open  runner  with  two  vane- 
type  bhides.  II  the  ti  ushers  and  pumps  are  washed  out  every  night 
and  not  allowed  to  cake  or  clog,  no  trouble  will  he  encountered 
with  the  jjump. 

koi  a  50-ton  per  hour  load,  at  least  a  (i-in.  pump  should  be 
used.  I  he  gallonage  handled  will  vary  somewhat  with  the  type  ol 
grapes  being  crushed.  I  he  average  industrial  yield  oi  must  is 
between  220  and  2-10  gal  j^er  ton  ol  grapes.  Ibis  amounts  to 
apinoximately  10,000  to  12,500  gal  ol  must  per  hour  to  be  handled 
by  the  must  jnimp.  .\t  least  5  in.  lines  should  be  used  with  large- 
radius  ells  and  as  lew  turns  and  bends  as  feasible;  they  may  be  of 
iron,  c:ojjj)er,  wood,  or  stainless  steel  construction.  If  pipe  resistance 
is  kejJt  down,  the  How  of  must  is  easier.  I'he  valves  used  in  must 
lines  should  be  tpiick  acting. 

The  lines  canying  the  must  from  the  main  lines  to  the  fer¬ 
menting  tanks  vary  with  the  plant  (Figures  47  and  48).  Mcxlern 
practice  is  to  use  reinforced  rid)l)er  hose.  I'hese  hoses  are  clamped 
to  the  main  lines  at  the  valves  and  can  be  easily  moved  to  change 
the  flow  from  one  fermentor  to  another.  One  man  can  handle  25 
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It  of  a  l-iii.  rubber  imisL  line  without  clittieulty.  1  bus,  il  the  must 
lines  are  run  clown  the  center  oi  the  iennenting  loom,  overhead, 
with  hose-line  take-olts,  each  valve  is  ejuite  capable  ol  handling  a 
ininiimnn  ol  eight  lennentors.  11  the  lermenting  room  has  two 
b^nks  ol  double  tanks,  the  must  line  may  be  installed  in  a  large 
“U”  with  take-oils  at  the  most  convenient  places. 


k'lcURE  -18.  Permentation-Room  Operations 


Fermentation  Capacity 

The  si/e  and  kind  ol  cooperage  or  vats  lor  the  jnoper  ter- 
menting  room  will  depend  largely  on  the  over  all  si/e  ol  the  winery 
and  the  type  ol  wines  produced.  On  the  assumption  that  -1  tons  ol 
crushed  grapes  recpiire  1,()(){)  gal  ol  space,  the  lollowing  lormula 
will  give  the  sjjace  needed  in  the  lermenting  room: 


S|)ace  = 


HH)  X  X  C‘S- 

TyCro 


l)T  =  tlie  daily  grape  lonnage  to  be  received;  I  S  =  the  total  Icr- 

nienting  season  in  tlays;  TO  =  the  turnover,  or  the  days  l  etniired  to 
empty  a  lermentor. 

Thtis  a  dry  wine  winery,  with  a  7-day  ttirnover,  a  (rush  of  1(1(1 
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tons  j)ei  clay,  and  a  seascjii  ol  50  clays,  accordingly  will  rccjuire 
175,()()()  gal  total  capacity.  I'liis  allows  lor  a  5,000  ton  over-all  crush. 
11  cjiie  desires  tcj  crush  more  tons  per  clay  or  shorten  the  total  season, 
the  space  recpiired  will  vary  accordingly. 

Por  the  niamdacture  ol  good-cjuality  dry  wines,  the  tanks  shoidcl 
be  under  5,000  gal  in  size,  unless  ainp.le  relrigeration  is  provided  to 
conijjensate  lor  the  lower  heat  losses  in  the  largei'  tanks.  suggested 
breakdown  lor  such  a  leruientiug  room  would  be  six  10,000-gal, 
sixteen  5,000-gal,  and  twelve  .8,000-gal  si/e  tanks.  I’he  smaller  tanks 
should  be  ol  redwood  and  a  large  |)ercentage  (at  least  25%)  should 
be  closed.  1  he  larger  tanks  may  be  ol  concrete,  but  it  is  advisable 
to  have  them  coated  when  new.  Microcrystalline  wax  has  been 
louncl  to  be  satisfactory  lor  coating  cement  lermentors. 

The  fermenting  operations  will  be  somewhat  clilterent  tcm  a 
winery  making  dessert  wine,  dej^ending  on  the  method  of  handling 
pomace.  Assuming  on  the  average  a  5-clay  turnover  and  a  crush 
ol  500  tons  per  clay,  a  lermenting  capacity  ol  1,250,000  gal  will  be 
recpiired.  F'cjr  a  dessert  winery,  concrete  cooperage  will  prove  more 
adecpiate;  it  is  more  easily  cleaned,  sterilized,  emjjtied,  etc.  I'he 
size  of  tanks  again  would  dejiend  cjii  the  type  of  operation,  but  a 
suggested  breakdown  would  be  twelve  50,000-gal,  ten  .HO-OOO-gal,  ten 
20,000-gal,  ten  10,000-gal,  and  ten  5,000-gal  capacity  tanks,  or  some 
variation  of  this.  The  small  tanks  are  desiiable  to  jjrojjcrly  segre¬ 
gate  varietal  types  of  grapes. 

Sulfur  l)ii»xi<le 

T  he  use  of  sulfur  dioxide  for  fermentation  control  should  be 
universal.  The  amount  added  may  vary  from  100  to  150  jjpm. 
lat]uicl  sulfur  dioxide  in  cylinders  is  used  today.  I  he  dispensing 
companies  furnish  small  cylinders  containing  12  to  2.8  lb  ol  licpucl 
sulfur  dioxide,  ec|uipjjecl  with  gla.ss  gages  graduated  iu  pounds,  so 
that  exac  t  cjuantities  can  be  measured.  I  hese  small  cylinders  can 
be  rehlled  mechanically  from  large  150-lb  cylinders.  One  i>ouncl  of 
licjuid  sulfur  dioxide  per  1,000  gal  of  wine  or  must  is  ecpiivalent 
to  the  addition  ol  120  ppm. 

Pure  VeasI 

Pure-yeast  cultures  should  be  used  in  all  fermentations  whether 
they  are  for  distilling  matcnial  or  for  wine  production.  Three 
varieties  of  yeasts  or  mixtures  ol  them  are  iu  general  use,  the 
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Champagne,  Kiirguiuly,  and  I'okay  yeasts.  Usually  a  inire  eulture 
purchased  Iroin  a  connnereial  laljoratury  is  grown  in  steiile  gi^ipc 
juice  until  brought  to  a  connnereial  cpiantity,  then  traiislerred  to 
the  lennenting  room,  and  iMoj>agated  throughout  the  season.  One 
n^ethod  is  to  use  uj)  at  least  hall  c)t  the  culture  tank  each  day  and 
to  add  Iresh  sulhted  juice  to  the  remaining  hall,  thus  keejjing  a 
vigcnously  growing  culture  on  hand  at  all  times.  Clcjse  hiboiatoiy 
check  and  control  ol  the  culture  is  needed  with  this  method  of 
pro])agation.  iVnother  methcjcl  is  to  use  two  tanks  equijjped  with 
coils.  One  tank  is  used  for  pasteuri/ing  and-cocjling  fresh  juice, 
which  is  then  j)umped  to  the  second  or  yeast  tank.  Thus  sterile 
juice  is  always  added  to  the  yeast.  Many  variations  of  these  two 
methods  are  in  use  with  essentially  the  same  results. 


Balancing; 

I'he  best  time  to  balance  wines  is  in  the  fermenting  room. 
Generally,  the  addition  of  2  lb  of  citric  acid  and  0.5  lb  of  tannin 
per  1,000  gal  of  fermenting  must  is  used.  The  amrjunts  may  vary  a 
little,  depending  on  the  wine  maker.  However,  this  ejuantity  will  set 
the  color  extracted  hy  heating  red  juice.  Analysis  of  the  juice 
obtained  from  the  must  will  usually  determine  the  best  cpiantities  to 


Cooling 


Proper  control  ol  temperature  is  esscMitial  in  the  fermenting 
room.  The  temperature  ol  lermentation  determines  the  yield  and 
cpiality  cjI  A\ines  obtained  and  affects  all  j)hases  of  ^vine  j)rc)duction. 
I  he  fermentation  temperature  should  be  kept  under  SOT  at  all 
times  and  tor  excellent  cjuality  wines  should  not  go  over  70°F. 
Distilling  material  should  not  go  over  85°F.  As  previously  men¬ 
tioned,  cooling  may  be  by  means  ol  cooling  coils  in  the  fermentors 
or  by  iKissing  the  juice  from  the  fermentors  through  heat  intcr- 
changers,  with  well  water,  cooling-tower  water,  or  water  cooled  by  a 
relrigeratmg  agent  as  the  cooling  medium.  1  he  ideal  method  is,  of 
course,  automatically  controlled  tooling  by  means  of  direct  ex¬ 
pansion  of  Freon  in  coils  in  the  fermentors.  ITie  initial  cost  of  such 
an  installation  will  naturally  be  very  high.  However,  this  method 
may  prove  best  to  achieve  top  cpiality. 
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Records 

Records  are  ot  great  importance  in  the  mamdacture  of  good, 
sound  wines.  T  he  following  is  a  list  of  the  data  which  should  be 
letoided:  (1)  Hailing  of  every  load  of  graj)es  received  and  tlie  weight 
and  type  ot  grapes;  (2)  Hailing  and  temperature  of  each  fernientor 
taken  every  morning  and  night;  (.H)  a  record  of  the  daily  work  sheets. 

suggested  form  lor  the  fermenting  room  would  carry  the  informa 
tion  indicated  in  I'able  29. 


I  ABLi:  29.  WINE-FERMEN  I  ING  ROOM  FORM 


Dale 

Tank 

No. 

Type 

grapes 

Days  in 
fermentor 

Type 

wine 

Balling 

Temp. 

°F 

Alconol 

% 

Operation 

9/2/48 

15 

Carignane 

2 

Dry  Red 

12 

78 

Circulate  and 
cool 

18 

Alicante 

5 

D.M." 

0 

82 

4.3 

Drain  to  D.M. 
and  water 

20 

Mataro 

0 

Port  wine 

22 

72 

Heat  and 
circulate 

•  Distilling  material. 


T  his  type  of  record  allows  the  wine  maker  to  follow  daily  each 
tank  and  each  variety  ot  grajje  through  the  fermentors  and  thus  to 
have  a  complete  record  of  the  operations.  If  other  data  are  wanted, 
they  can  be  added  to  the  foiin. 

Data  which  would  be  pertinent  but  difficult  to  obtain  during 
the  rush  ot  a  crushing  season  may  be  listed  as  follows:  (1)  gallons 
of  must  per  ton  for  different  varieties  of  graj^es;  (2)  gallons  of  free- 
run  juice  jjer  ton  for  the  different  varieties  of  grapes;  (.8)  gallons  ot 
water  used  for  distilling-material  j)roduction;  (-1)  pounds  of  pomace 
obtained  jicr  ton  for  the  Nat  ions  \arieties.  This  information  could 
be  gathered  at  small  plants  where  the  crush  is  not  too  great,  but 
where  large  tonnage  is  hatulled  it  is  not  easy  to  keej)  such  accurate 
and  complete  rcxortls. 

i\Iu8t  or  Juice  Handling 

For  top-quality,  white  table  wines,  some  yield  must  be  sacrificed. 
File  juice  should  be  tlrawn  as  soon  as  possible  from  the  jjomace. 
When  drawn  in  the  first  1  to  8  hours,  after  crushing,  a  yield  of  129 
to  1()()  gal  of  juice  per  ton  can  be  exj^ected,  tleiKmding  on  the  tyj)es 
grapes.  Where  dessert  wines  are  also  made,  the  lemaining  jidtc 
(sugars)  in  the  pomat  e  is  convet  led  into  distilling  material.  1  he 
pomace  from  othei  wines  is  usually  ptessed  lor  the  recovery  of 
additional  gallonage.  d’he  recovery  from  this  source  depends  largely 
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on  the  type  and  extent  ol  the  pressing.  An  average  yield  is  heuveen 
20  and  40  gal.  The  wine  ]n()dneed  Iroin  the  recovered  jniee  is  not 
of  as  high  cpuility  as  the  wine  prodnted  Ironi  the  initial  Iree-rnn 
juice.  It  is  reconnnended  to  produce  white  wines  from  the  liee-inn 
jCrice  and  to  convert  the  balance  into  distilling  material.  I  lie 
finest  white  wine  is  made  Irom  free-rim  juice.  A  light  press  Iraction 
may  be  used  for  a  somewhat  lower  cpiality  wine.  Basket  or  con¬ 
tinuous  screw  jiresses  are  used,  dejiending  on  the  size  ol  operation. 

For  dessert  wine  only,  the  operations  are  somewhat  simpler. 
I'he  juice  is  drained  and  sidfnr  dioxide  added.  \’east  is  then  added 
to  start  the  fermentation.  When  the  desired  Balling  degree  is 
reached,  the  wine  is  fortified.  The  jiomace  is  used  for  the  jirodnction 
of  distilling  material. 

The  must  from  red  grapes  is  handled  similarly,  except  for  the 
additional  steji  of  extracting  the  color.  This  can  be  done  in  two 
ways:  (1)  heating  the  juice  through  external  heat  interchangers  and 
passing  it  over  the  must;  or  (2)  allowing  the  jniee  to  ferment  on 
the  seeds  and  skins  with  almost  continnoiis  ciretdation. 


When  the  first  method  is  used,  the  jtiice  shoidd  not  be  heated 
over  HOT  if  it  is  circnlated  over  the  seeds  and  skins  for  8  to  Hi 
hours.  If  the  time  is  much  shorter,  higher  temperatures  can  be  used 
and  for  a  longer  time,  lower  temjierattires.  1  he  mechanism  of  the 
operation  also  varies  as  to  locale  and  tyjje  of  grapes.  In  the  north- 
coast  comities,  short  periods  of  time  and  low  temperatnres  will 
suffice  to  produce  wines  of  good  cpiality.  In  the  hot  interior  valleys, 
a  longer  period  of  contact  time  is  not  detrimental.  T  his  method 
gives  some  control  of  the  amount  of  astringency  retained  in  the 
wine.  Many  Ports  made  in  the  north-coast  connties  are  far  too 
astringent  and  rough,  whereas  many  Ports  of  the  interior  valleys 
aie  too  light  in  color  and  body  to  be  considered  fine  wines.  I’he 
second  method  of  fermenting  on  the  seeds  and  skins  frecpiently 
prcxlnces  dry  wines  which  are  too  astringent  and  Ports  nincli  too 
hgin.  GeiK-ially,  some  sort  ol  a  balance  bettveen  the  two  operations 
IS  reamnneiuleti,  i.e.,  to  allow  some  ol  the  wines  to  lennent  in 
contact  with  the  seetls  anti  skins  anti  the  use  ol  heat  lor  color 

extraction  lor  some  ol  the  wines.  Illentls  ol  these  can  then  be  niatle 
to  perfect  either  or  both. 

To  obtain  Iree-riin  juice  lit, in  the  innst,  all  lerinentin^  rooms 
ho  lit  be  et|t„ppetl  with  stainlesvsteel  screens,  nstially  ,S(i  h,  witle 
'-y  HI  I.  lonR,  with  in.  perlorations  anti  ,lesi,i,„etl  lor  antomaUc 
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scll-( leaning.  1  liese  sdeens  musl  be  large  enougli  lor  tlieir  j)urp().se. 
(.leats  and  bruslies,  operated  by  motor,  reinoxe  solids  as  they  pass 
over  tile  screen.  I'lie  screens  are  placed  over  sumps  ecpiijiped  with 
automatically  controlled  jmmjis,  their  si/e  dejiending  upon  the 
volume  ol  wine  to  be  pumiicd  (Figure  19).  Each  winery  represents 
a  sjietihc  jjiroblem  and  retpnres  dillerent  pumjis,  depending  on  the 
gallonage,  the  distance  to  be  jmmped,  and  the  lilt.  Ibider  average 
conditions,  a  5  hp,  2-in.  jmmp  will  deliver  2,500  to  9,000  gal  jier 
hour. 


I 


Fku’RE  99.  Sumps  aud  Sump  Pumps 


Fhe  drained  juice  is  tallied  to  the  streens  either  by  hose  lines 
(2-in.,  six-ply  ho.se),  or  by  gutters,  depending  on  the  extent  ol  the 
ojierations.  Chitters  arc  usually  run  two  on  each  side  ol  the  jiassage- 
way  between  the  lermenting  tanks.  One  is  used  loi  wine  aiul  the 
other  If)!'  distilling  material.  VVhish-out  gutters  are  sejiarate.  1  he 
draining  gutters  or  hoses  are  run  tlirectly  to  the  .lutomatically 
controlletl  screens  over  the  sumps,  so  that  .seeds  and  skins  can  be 
separatetl  Irom  the  juice.  Small  conveyors  are  installed  to  carry  the 
.seeds  and  skins  removed  by  the  screens,  (hitters  should  be  coveicd 
and  cleaned  and  sterili/ed  daily.  Hoses  should  be  cleaned  and 
steamed  alter  each  use. 
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‘  Pomace  Hanclliiij5 

The  treatment  ol  pomace  depends  on  the  type  ol  wineiy 
operation  and  may  be  subdivided  into  tlie  iollowing  categories: 
(I)  dry  white  wine,  (2)  all  dry  wines,  (8)  dry  and  sweet  wines, 
all  sweet  wines.  In  the  production  ol  dry  white  wines,  the 
pomace  is  pressed  immediately  alter  the  Iree-run  juice  is  drained 
oft.  It  is  then  shoveled  to  basket  presses  or  continuous  pi  esses, 
pressed  out,  and  the  spent  pomace  discarded  (Figure  50).  A  ton  ol 
grapes  yields  250  to  ^100  lb  ol  pomace.  Fhe  continuous  jnesses  will 
handle  10,000  to  15,000  lb  ol  pomace  per  hour  at  a  moisture  content 
ol  50  to  00%.  With  two  men  shoveling  and  one  man  watching,  a 
continuous  press  will  easily  handle  HOO  gal  ol  pomace  per  hour, 
which  is  the  aiiproximate  volume  ol  pomace  obtained  Ironi  10  tons 
of  grapes.  I'he  presses  are  cpiite  cajjable  ol  handling  almost  live 
times  this  volume. 

In  the  production  of  dry  wines  only,  the  pomace  woidd  be 
handled  as  it  is  lor  all  white  wines,  but  lor  dry  and  sweet  wines, 
there  are  several  variations. 


I'lcuRE  5(1.  Gnipc-Pmnnce  Pile  (Ooui tesy-Wine  Institute,  S:i 
hrancisco,  Calif.) 
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I  lie  Iiee-iuii  juice  may  be  drained  and  an  equivalent  amount 
oi  water  added,  i.e.,  to  1,000  gal  oi  pomace  in  the  lermentor  add 
1,000  gal  ol  water.  In  this  method,  the  distilling  material  is  usually 
1°  Balling  below  that  ol  the  juice  as  it  was  drained.  For  examjdc, 
il  20'  juice  is  drained  and  water  added,  the  Balling  ol  the  resulting 
juice  tvill  be  10°.  ^  east  is  added  and  the  mixture  is  allowed  to 
leimcnt  dry.  It  is  then  drained,  and  hall  (500  gal)  the  (juantity  ol 
isatei  added  lor  a  second  washing.  .Again  it  is  drained  and  one- 
loui  th  the  (|uantity  ol  Avater  added.  I  he  jicrcentage  ol  alcohol  in 
the.se  last  washings  shoidcl  be  determined.  When  the  alcohol  drops 
below  2%,  the-se  washings  are  then  used  lor  a  lirst  or  second  wash¬ 
ing  c^l  Iresh  j)omace.  By  projjerly  controlling  this  system,  much 
water  can  be  saved.  Wdien  the  alcohol  ol  the  wash  drops  to  around 
0.5%  the  pomace  is  shoveled  out  and  the  press  wine  is  used  as 
a  lirst  or  second  wash  on  unwashed  jiomace. 

.A  variation  ol  this  system  is  to  pump  the  pomace  out  ol  the 
tank  instead  ol  shoveling.  In  this  case,  the  washings  are  the  same, 
but  instead  ol  draining  the  last  washing,  a  sump  pump  is  lowered 
into  the  lermentor  and  the  whole  mass  pumped  to  the  press.  In 
this  case,  the  j)re.ss  should  have  a  dewatering  screen,  ajjproximately 
20  It  long  and  12  in.  wide  installed  ahead  ol  the  press,  so  that  the 
material  being  pumped  will  be  dewatered  belore  entering  the 
press,  riiis  system  will  save  materially  on  labor.  .A.ssuming  that  a 
lermentor  requires  two  men  lor  -1  hours  to  shovel  out,  or  a  total  ol 
8  man  hours,  a  j)ump  can  empty  this  same  lermentor  in  V2  hour, 
recpiiring  one  man  or  V2  man  hour  plus  the  power  lor  a  15  hp  sumj) 
pumjj. 

I  he  use  ol  pumps  was  introduced  only  within  the  past  lew 
vears;  prior  to  this,  many  wineries  installed  the  sluice-out  method, 
d  he  bottoms  ol  the  lermentors  were  constructed  with  at  least  h-in. 
slope,  with  a  manhole  at  the  lowest  level,  so  that  the  door  could  bc' 
ojiened  and  the  material  washed  out  with  water  or  low-alcohol 
distilling  material.  Both  the  shoveling  and  the  sluice-out  methods 
reejuire  conveyors  to  transpoit  the  pomace  Irom  the  tanks  to  the 
presses,  d  he  use  ol  pumps  can  eliminate  these  conveyors. 

II  a  pomace  still  is  used,  the  procedure  again  varies.  Alter 
draining  the  Iree-run  juice,  water  is  added  to  the  seeds  and  skins. 
Tlie  amount  ol  water  added  depends  on  the  alcohol  desired  in  the 
resulting  distilling  material.  Fhe  mass  ol  seeds,  skins,  and  water  is 
then  pumped  or  sluiced  out  to  a  disintegi ator.  Fhe  disintegrators 
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will  be  ol  25  to  -JO  hp,  depenclins^  on  the  type  and  sue.  I  his 
machine  disintegrates  the  whole  mass  and  it  can  then  be  readily 
pumped  and  distilled  in  a  pomace  still.  Unless  the  material  is  kept 
under  constant  agitation,  its  suspended  solids  will  tend  to  settle  out 
aild  plug  the  stills. 

It  is  unnecessary  to  disintegrate  jiomace  il  a  Met/nei  type  still 
is  used  (Figure  51).  Alter  the  Iree-run  juice  is  drained,  water  and 
yeast  are  added  to  the  seeds  and  skins  and  the  mass  allowed  to 
lerment  dry.  Fhe  first  distilling  material  can  be  drained  il  desired 


Figl'RK  51.  Metzner  Distilling  Unit  for  Recovery  of  Alcohol  from 
Pomace  (Com tesy-Petri  Wine  Co.,  Fulare,  and  Wine 
Publications,  San  Francisco,  Calif.) 
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and  water  added.  1  he  ijoinace.  is  then  sluiced,  pumped,  or  shoveled 
to  the  still  tor  steam  strijDping. 

CELLAR  OPERATIONS 

The  initial  fermentation  of  wine  is  conduc  ted  in  the  fermenting 
room  (Figure  47).  I'he  jiartially  fermented  wine  is  then  transferred 
to  the  storage  cellar  lor  completion  ol  fermentation,  clarification, 
aging,  stabilization,  and  other  preparation  lor  marketing.  These 


Figure  52.  Flow  Diagram  of  Cellar  Operations  in  a  Winery 
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(Mjorations  arc  usually  rderrccl  to  as  cellar  ijractices.  Typical  cellai 
operations  in  a  winery  are  summarized  in  the  How  diagram  ot 


Figure  52. 

For  the  proper  de\'elopment  ot  dry  table  wines,  the  feimenta- 
ti^i  is  not  allowed  to  cease  until  all  lernientable  sugar  has  dis¬ 
appeared  and  prompt  and  complete  attenuation  obtained.  After 
fermentation  ceases,  the  yeast  and  suspended  particles  of  pulp  and 
skins  settle  rapidly  and  form  a  sediment  known  as  the  first  or  crude 
lees.  ^V^len  fermentation  is  complete  the  new  wine  is  drawn  off 
(racked)  from  the  lees,  to  aid  in  clearing  and  to  avoid  extraction 
of  undesirable  flavors  from  the  yeast  and  other  solids.  The  cleared 
wine  is  stored  in  completely  filled  and  sealed  tanks  for  aging. 
Filtration,  fining,  and  refrigeration  are  tised  in  jireparing  the  wine 
for  the  market.  Fortification  with  grape  spirits  and  special  heat 
treatments  are  additional  operations  lor  dessert  wines. 

Fhe  stabilization  jiiactices  used  in  California  for  the  prepara¬ 
tion  of  wine  for  market  are  based  on  the  ajjplication  of  racking, 
fining,  filtration,  refrigeration,  pasteurization,  sulfiting,  blending, 
and  acidification  operations  in  secpience  and  t)pe  to  suit  the 
j)articular  needs  of  the  wine  and  winery.  survey  made  by  Berg® 
of  the  stabilization  procedures  in  use  in  (California  Avineries,  largely 
developed  individually  by  trial  and  error  method,  indicated  not  only 
a  wide  difference  in  the  C(juipment  and  methods,  but  also  in  the 
order  of  ajjplication  and  in  the  number  of  times  that  a  particular 
ojx'ration  is  rej^eated.  Fhere  is  no  rational  justification  for  the 
existing  variations;  there  is  little  to  jtistify  the  sct|uence  of  opera¬ 
tions  at  a  particular  winery;  and  the  effect  of  these  operations  on 
organoleptic  cpiality  is  largely  unknown. 

T  able  wines  are  racked  from  the  closed  fermentors  directly  to 
storage  tanks  alter  fermentation  is  completed.  Dessert  Avines,  hoAV- 
ever,  first  have  their  fermentation  arrested  by  the  addition  of 
brandy.  Alter  the  addition  of  the  brandy,  the  Avines  should  rest 
lot  a  period  of  24  hours  to  alloAv  lor  their  comj)lete  settling  before 
being  transferred  to  the  storage  cellars. 


Cellars  should  he  so  coustrui  ted  tis  to  maintain  an  ttlmost 
constant  te,it|,ei attire  throtighotit  the  year.  Tatiks  may  be  con- 
strncted  ol  concrete,  or  rethvood,  or  oak.  The  type  and  size  ot  the 
vats  wil  depend,  to  a  large  extent,  on  the  method  of  operation  It 
ts  we  1,  however,  to  have  all  types  of  vats  in  the  storage  cellars  and 
to  calculate  the  size  so  that  sttlficietu  .small  cooperage  is  available 
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lor  breakdown  ol  larger  amounts.  Hie  gallonage  ol  the  tanks 
shonkl  be  progressively  cleereasecl,  i.e.,  il  the  larger  tanks  are  50 
thousand,  tlien  the  smaller  tanks  can  lollow  as  30,  20,  10,  5,  2.5  1 
thousand  and  a  lew  500  gal  size.  It  is  not  good  practice  to  niix 
a  lot  ol  otitl-size  tanks  in  the  cellars.  H  the  large  tanks  are  00 
thousand,  then  the  progression  can  lollow  as  abovV‘  or  lollow  one 
ol  30,  18,  12,  0,  3,  1.5  thousand,  etc.  Under  any  circumstances,  it 
is  best  to  lollow  one  pattern  to  make  luture  operations  easier. 


Kaeking 

Wines  shotdd  be  allowetl  to  settle  lor  I  to  2  months  in  the 
storage  vats.  During  this  jieriod,  all  wines  should  be  completely 
analyzed  and  il  their  sullur  dioxide  content  is  lound  to  be  low,  it 
should  be  brotight  uj)  to  100  to  150  i.»i^m.  The  wines  are  then  racked 
olt  theii  lees  the  hist  time.  C..ertam  wines,  jjarticularly  those  ol  high 
acidity,  aie  sometimes  lelt  on  the  lees  in  ortler  to  promote  the  malo- 
lactic  lei  mentation.  In  such  cases,  the  cellars  are  kept  warm  until 
the  desired  degree  ol  deacidiheation  has  been  achieved.  I'he  slight 
carbonation  noted  in  some  red  wines  early  in  the  spring  as  the 
cellar  temperature  starts  to  rise  may  be  due  to  deacidilying  or¬ 
ganisms  rather  than  to  lermentation  ol  residual  sugar  by  yeast. 
Since  their  activity  results  in  decrease  in  acidity,  such  bacterial 
fermentations  are  not  desirable  under  California  conditions.  Rack¬ 
ing  and  the  addition  ol  sullur  dioxide  in  moderate  amounts  are 
usually  adetjuate  for  control. 

Overoxidation  during  racking  should  be  avoitled,  particularly 
with  white  wines  which  mature  best  in  the  absence  of  excessive 
aeration.  T  hese  wines  are  best  when  handled  under  a  blanket  of 
carbon  dioxide  gas  and  when  rat  ked  into  vats  in  which  the  air  has 
been  replaced  with  carbon  dioxide.  During  racking,  care  should 
be  taken  to  draw  olf  the  wine  from  the  bottom  just  above  the 
crude  lees  and  to  transfer  it  intt)  another  storage  vat  via  the  bottom. 
T  he  jjumjjs  nsetl  for  wine  transfer  should  be  so  selected  and 
ojjeratetl  as  to  avoid  aeration.  In  racking,  care  should  be  exercised 
not  to  agitate  the  wines  excessively.  It  is  recommended  to  do  all 
pumping  through  side  valves  or  even  bottom  valves.  If,  however, 
hose  lines  are  used,  they  should  be  introduced  over  the  top  of  the 
tanks  and  the  dischatge  end  should  be  lowered  into  the  receiving 
tank,  so  that  it  will  be  submerged  in  ordet  to  avoid  aeration  ol  the 
wine.  Care  should  also  be  exercised  that  the  pumps  used  do  not 
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whip  excess  air  into  cl.c  wi„cs.  Even  will)  great  (are  (Ire 
pick  np  enongh  a,r  h.r  their  prnper  ntatnratton.  Lees  si  <  uhl  be 
iccnn.nlated  h,  separate  tanks  and,  il  properly  cared  lor,  additional 
wine  can  he  tacked  olt  the  lees  linni  litne  to  time. 

>  \ttcr  the  hist  racking,  the  wines  sliould  be  given  to  -  ac 
chtional  months  to  settle.  Some  wines  will  clanly  themselves  much 
more  readily  than  others  and  it  is  not  unusual  to  hud  some  wines 
relatively  clear  alter  the  second  racking.  In  making  hne  wines,  it 
is  best  to  rack  them  two  or  three  times  belore  spring  rather  than  to 
use  clarifying  agents.  However,  some  wine-makers  believe  that  one 
racking  and\i  clarification  will  accomplish  the  same  result  without 
detrimental  efiects  to  the  wine.  Enologists  are  in  general  agieement 
that  the  wines  should  be  racked  at  least  once  befoie  clai  dying.  11 
possible,  initial  blends  shoidd  be  made  belore  clarihcation.  11  altei 
three  rackings,  urines  do  not  clear  themselves,  clai  dying  agents 
shoidd  be  used.  It  is  generally  agreed  that  deal  wines  will  age 
better  than  those  which  are  not  clear.  Just  belore  the  clai  dying 
agent  is  added,  at  the  same  time,  or  immediately  alterw'ard,  any 
tannin  that  the  w’ine  may  recjuire  should  also  be  added. 


Fining 

.\lthough  a  sound  wine  often  becomes  brilliantly  clear  liy 
natural  settling,  cloudiness  may  persist.  In  that  case,  clarification 
can  be  aided  best  by  fining,  filtration,  refrigeration,  centrifuging,  or 
heating.  Fining  hastens  aging,  defecation,  and  bottle  maturity. 
Even  the  best  wanes  are  nearly  always  fined  at  least  once  belore 
being  bottled.  In  lining,  the  (olloidal  particles  coalesce  and  coagu¬ 
late.  The  coagulum  settles  by  gravity,  carrying  w'ith  it  other 
suspended  matter  that  may  be  jiresent. 

The  amount  and  tyjie  of  fining  agents  to  use  will  depend  on 
the  nature  ol  the  suspended  matter  and  on  the  type  of  wine.  The 
fining  agents  commonly  used  are  gelatin,  isinglass,  casein,  and 
bentonite.  1  hese,  either  by  combining  chemically  with  the  colloids 
or  by  neutrali/ing  the  electrical  charge  of  the  jiarticles,  cause 
coagulation  anil  settling. 

The  fining  agent  most  wiilely  used  is  bentonite.  It  is  easy  to 
handle  and  gives  good  clarification  if  ])roperly  employed.  In  the 
past,  the  general  practice  was  to  set  up  test  clarifications  in  the 
laljoratory  and  then  use  the  amount  necessary  to  give  a  clear  wine. 
This  amount  was  sometimes  as  high  as  12  lb  of  bentonite  per  1,000 
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gal  ot  wine.  I  hesc  large  quantities  did  give  good  elarilications  but)i 
also  resulted  in  excessive  amounts  ol  lees.  In  recent  years,  many 
winemakeis  have  used  cjuantities  only  large  enough  to  lorm  a 
jjrecipitate  and  have  lollowed  this  with  a  filtration.  In  the  first 
method,  the  required  amount  of  bentonite  is  added  to  the  wine, 
first  mixing  small  quantities  of  bentonite  with  small  portions  of 
the  wine,  then  gradually  adding  them  to  the  main  portion,  after 
which  the  whole  mass  is  allowed  to  settle  lor  approximately  10 
days.  During  this  period  the  wine  clears  and  the  lees  settle  out.  The 
wine  is  then  racked  oft  the  lees  and  filtered.  In  the  second  method, 
much  smaller  quantities  of  bentonite,  1  to  2  lb  per  1, ()()()  gal  of 
wine,  are  used;  in  no  case  shoidd  more  than  2  lb  of  bentonite  be 
used  per  1,000  gal  of  wine.  The  whole  is  projjerly  mixed  and  then 
filtered  C3n  coalescing.  Here  care  should  also  be  exercised  that  too 
much  air  is  not  whipped  into  the  wine.  In  this  method  very  little 
lees  are  accumulated. 

Gelatin  and  similar  fining  agents  that  combine  with  the  tannin 
decrease  the  tannin  content  of  wine  and  cause  noticeable  decrease 
of  color.  In  certain  light  wines,  where  loss  of  color  is  not  desirable, 
isinglass  shcjidd  be  substituted  for  gelatin  or  casein.  Prior  addition 
of  tannin  wall  also  prevent  the  bleaching  of  color  by  casein  or 
gelatin  and  increase  the  rate  of  sedimentation,  d'he  fining  agents 
dissolved  in  water  are  thoroughly  mixed  with  the  wine,  which  is 
then  stored  until  the  suspended  matter  settles  out.  It  can  then  be 
racked  and,  if  necessary,  filtered. 

Casein  used  as  clarifier  can  be  filtered  soon  after  its  addition, 
if  the  j)recipitate  formed  is  made  iq^  of  large  particles.  I'he  use  of 
gelatin  and  isinglass  is  a  little  more  difficidt.  Solutions  of  these 
agents  must  be  prepared  beforehand  and  the  clarification  of  the 
w’ine  must  be  carried  out  under  exacting  conditions.  The  wines 
are  allow'ed  to  settle  for  a  period  of  10  to  14  clays,  then  racked  and 
filtered.  Many  cases  are  known  w'here  difficulty  has  been  encountered 
with  these  agents  and  the  addition  of  more  agent  or  another  agent 
has  been  necessary  to  complete  the  clarification.  Wdten  projierly 
used,  gelatin  will  give  a  good  clarification  w’ith  small  cpiantities  ol 
lees.  In  all  cases,  the  clarification  is  lollowed  by  a  coarse  filtration. 

Filtration 

Filtration  is  usually  a  necessary  supplement  to  clarificaticiii. 
Very  cloudy  wines  may  be  filtered  to  clear  them  rapidly;  bidk 
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l.ltration  oi  this  type  is  used  also  in  i>reixning  ordinary  wine  lor 
the  market.  All  wines  to  be  bottled  are  given  a  finishing  or 
jiolishing  filtration  just  before  bottling.  Close  filtration  is  used 
rather  extensively  abroad  lor  sterili/ing  the  wines  by  removing  all 
mvroorganisms.  Particularly  in  a  finishing  fdtration,  the  wine  must 
be  protected  from  excessive  aeration  and  from  contamination  with 
metallic  impurities  from  the  filter  lines  and  the  filtei  medium.  T  he 
introduction  of  iron,  cojijier,  or  calcium  from  pooily  niaiiulactuied 
filter  pads,  hlter  aid,  or  filter  mass  will  make  the  ivine  unsttible. 

I'he  filtration  is  carried  out  in  either  a  jilate  and  frame  filter 
or  a  screen-type  filter.  Most  wineries  now  use  the  plate  and  frame 
filter.  The  filter  aid  (diatoniaceous  earth)  used  in  this  hltration  is 
usuallv  of  a  type  yielding  high  flow  rates  and  a  jjroduct  of  moderate 
brilliance. 

In  the  jjlate  and  frame  filter  press,  the  wine  is  forced  through 
the  filter  medium  by  means  of  a  suitable  nonaerating  pump.  I’he 
wine  is  forced  under  jjressure  through  canvas  sheets,  lined  with  filter 
paper  and  precoated  with  diatoniaceous  earth.  The  individual 
filter  compartments  are  formed  by  corrosion-resistant  metal  frames 
and  the  canvas,  with  its  j^ajier  liner  and  precoat,  is  suj^jjorted  by  a 
metal  plate.  The  filter-paper  liner  which  has  been  recently  in¬ 
troduced  prevents  jiarticles  of  filter  aid  from  going  through  the 
canvas  and  materially  assists  in  cleaning  the  canvas  and  the  press. 

To  minimize  the  sliming  and  clogging  effect  of  the  soft  and 
amorphous  jiarticles,  which  tend  to  pack  together  and  clog  the  filter 
IKires,  the  wine  is  mixed  with  a  filter  aid.  For  best  results,  the 
filter  aid  must  be  uniformly  mixed  with  the  wine  and  held  in  sus¬ 
pension  by  constant  agitation  during  filtration.  The  amount  of  filter 
aid  necessai y  vaiies  A\ith  its  character  and  with  the  type  of  w’ine.  .An 
excess  is  to  be  strictly  avoided,  and  the  filtration  should  be  .so 
conducted  that  all  particles  of  the  aid  are  removed;  otherwise  the 
wine  may  take  on  undesirable  flavors. 

Sterilization  Filtration 


When  hlter  pads  ol  unilorm  jiorosity  and  of  small-enough  ixire 
size  are  used,  and  the  hltration  is  carefully  conducted,  alf  micro- 
organisms  may  be  removed  from  the  wine.  If  such  closely  filtered 
vvme  IS  hlled  into  sterile  bottles  under  asejitic  conditions  and  is 
dosed  KUl,  scer.lc  corks,  it  will  not  be  st.bject  to  .nitrobittl  spoilaw 
kessler  ■  <levelo,ted  stcrilirtttion  filttation  practice  lor  Calilornia 
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wines  based  on  the  use  ol  asl)eslos-(ellulose  filter  pads  properly  pre¬ 
coated  with  filter  aid  to  seal  the  larger  pores  and  sterilization  ol  the 
fdtei  assembly,  bottling  line,  and  bottles  by  treatment  with 
(piaternary  ammonium  germicides,  d  he  filtration  is  then  conducted 
at  such  piessines  that  yeasts  and  bacteria  which  could  grow  in  the 
bottled  wines  and  produce  turbidity  are  retained  on  the  filter  pads. 
His  method  has  been  successlully  adojKed  in  several  industrial 
installations  and  has  solved  the  jiroblem  ol  reinfection  ol  white 
table  wines  and  other  wines  (d  urbovsky'*'^). 


Heat  Stabilization 

II  wines  are  to  be  jjrepared  for  marketing  before  they  are 
sufficiently  aged  to  be  heat  stable,  they  are  usually  heat  treated, 
d  hey  may  be  heated  to  1  lO'F  lor  2^1  to  72  hours,  or  they  may  be 
pasteurized,  i.e.,  lieated  to  18()°F  lor  1  minute,  or  subjected  to  lower 
temjjeratures  lor  somewhat  longer  periods. 

.Marked  imjjrovements  in  jjiasteurizer  designs  have  been  made 
in  the  jiast  few  years.  Plate-tyjje  units  designed  to  provide  heat 
exchange  and  regeneration  have  replaced  the  old-type  tubular  heat 
exchangers.  After  j)asteurizing  or  heat  stabilizing,  it  is  necessary 
to  filter  the  wine  again  to  remove  coagulated  material,  d  his  heating 
speeds  the  sejjaration  or  coagulation  of  the  proteins  and  gums  and 
produces  a  wine  that  is  more  stable  to  higher  temperature. 

Chilling 

Wines  are  refrigerated  to  make  them  more  stable  against 
precijiitation  of  cream  of  tartar  and  c  louding  when  exposed  to  lower 
temperatures.  It  is  desirable  to  keej)  wine,  after  fermentation,  cold 
for  several  weeks  to  throw  out  of  solution  excess  salts  (such  as 
cream  of  tartar)  and  to  hasten  the  de|)osition  of  colloids.  clear 
wine  will  mature  best  at  an  even  temperature  between  50°  and  ()()°F. 
Chilling  the  wine  to  the  freezing  point  is  an  effective  means  ol 
(juickly  eliminating  cream  ol  tartar  Irom  new  wines  and  is  useful 
in  jire|jaring  ordinary  table  wines. 

After  heat  treatment,  the  wine  is  usually  given  its  initial 
cooling  by  iKtssing  it  through  a  heat  interchanger  cooled  by 
ammonia  or  Freon,  d  he  size  ol  the  machine  depends  on  the  volume 
to  be  cooled  per  hour  and  the  temperature  drojj  desired  in  the  wine. 
A  40  hp  unit  will  cool  approximately  800  gal  of  wine  per  hour 
from  cellar  temperature  of  fi0°f  to  around  18  f.  d  he  wine  is 
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passed  through  the  unit  to  precipitate  the  tartarates  and  filtered 
inunediately.  Tliis  initial  cooling  or  shock  refrigeration  removes 
the  major  portion  of  the  tartrates.  If  wine  is  stored  for  2  to  3  weeks 
at  low  temperatures,  it  is  not  necessary  to  use  this  shock  refrigeration 
iihvfinishing  it. 

It  is  at  this  point  that  most  ol  the  blending  and  lialancing 
of  the  wine  is  done.  At  this  time,  the  wines  are  again  analyzed  and 
the  tannin,  acid,  and  sulfur  dioxide  brought  to  their  projjer  con¬ 
centrations.  Blends  are  made  and  jjut  away  to  age.  In  order  to 
bring  out  the  l)est  qualities  ol  the  wines,  it  is  best  to  blend  early 
in  order  to  allow  the  wines  to  “marry”  and  mature  properly.  It  is 
generally  agreed  that  new  blends  should  age  at  least  3  months  before 
they  become  properly  “married.” 

^\hnes  are  then  stored  until  the  final  finishing  is  to  be  done. 
This  consists  of  a  refrigeration  and  holding  period  of  at  least  10 
days  at  a  temjjerature  of  15°F  for  dessert  wines  and  22°F  lor  table 
wines.  Maintaining  the  proper  temjjerature  in  the  wine  may  be 
accomplished  in  one  of  several  ways: 

(1)  Cooling  coils  in  storage  tanks.  These  coils  are  cooled  by 
direct  expansion  with  Freon  or  methyl  chloride  and  are  installed 
in  the  top  section  of  the  tank.  The  amount  of  cooling  necessary 
is  just  sufficient  to  overcome  the  heat  absorbed  from  outside.  Using 
redwood  tanks  of  2(),()0()  gal  size,  with  500  ft  of  1-in.  coil  in  each 
tank,  a  10  hj)  refrigeration  unit  will  maintain  the  required  tem¬ 
perature  in  four  tanks  very  well.  T  he  oijjection  to  this  type  of 
installation  is  mainly  that  (a)  the  tanks  “sweat”  continually  anti 
are,  therefore,  quite  susceptible  to  molding  and  (b)  one  cannot  use 
this  type  of  installation  lor  table  wines  as  the  coils  may  become 
toated  with  ice  and  break.  Of  course,  the  wine  must  be  cooled  to 
temperature  while  going  into  these  tanks. 

(2)  The  use  of  insulated  tanks.  T  his  method  is  good  and  works 
well.  A  jjrojjerly  insulated  tank  of  even  5(),0()()  gal  size  will  lose 
almut  5“F  in  a  period  of  10  days.  The  wine  is  cooied  to  the  proper 
temperature  as  it  is  run  into  the  tank  and  allowed  to  rest.  After 
10  days,  it  is  given  its  final  filtration. 

(3)  Cohl  room.  This  method  is  (he  best.  Tl,e  wines  arc  stored 
m  an  insulated  room  tn  which  the  temperature  is  controlled  by  an 
tndependent  compressor.  The  wine  is  cooled  to  the  tnoper  ten,. 
pe.ature  as  ,t  ,s  pumped  into  the  storage  tanks,  and  the  room  kept 
at  the  desired  temperature.  Of  course,  if  dc,s,sert  wines  have  been 
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stored  in  the  room  and  it  is  desired  to  use  it  lor  storing  table  wines, 
the  theiniostat  control  should  be  changed.  Dessert  and  table  wines 
cannot  he  held  in  the  room  at  the  same  time,  as  the  table  wines 
tvill  Ireeze. 

(1)  luterinittent  cooling.  II  none  ol  the  methods  (1)  to  (.S)  is 
a\<iihil)lc,  a  (iicuhiting  (ooler  can  he  used  to  cool  the  wines  every 
.S  or  1  days.  Since  low  tenij^eratures  cannot  thus  he  maintained  and 
the  wine  is  subject  to  too  much  agitation,  this  method  is  not 
satislactory. 

I  he  linal  liltration  ol  the  wine  may  he  done  with  an  asbestos 
(oat  on  the  lilter.  rids  is  accomplished  by  Hrst  j>recoating  the 
filter  with  diatomaceous  earth  and  then  adding  a  precoat  ol 
asbestos  while  still  recirculating  the  filter.  One  pound  ol  asbestos 
per  25  sq  It  of  filtering  area  is  sulficient.  Acid-washed  asbestos  is 
recommended  because  there  is  less  possibility  ol  calcium  or  other 
metal  pick-uj). 

Metal  Removal 

rite  presence  ol  excessive  amounts  of  metallic  impurities 
(chielly  iron  and  copjjer  salts)  or  overoxidation  may  jjroduce 
various  types  of  hazes  or  sediments.  White  wines  containing  excess 
iron  salts  will  develoj)  a  colloidal  ferric  j)hosj)hate  haze  or  setliment, 
and  red  wines,  a  ferric  tannate  haze.  The  Avhite  ferric  jjhosphate 
haze  will  occur  oidy  in  the  range  of  j)H  2.9  to  .S.fi,  and  can  be  con¬ 
trolled  usually  by  addition  of  1  or  2  lb  of  citric  acid  per  1, ()()()  gal 
of  wine.  In  sidlited  white  wines  (ontaining  over  0.2  l^pni  of  cojjper, 
stored  in  sealed  containers,  a  reddish-brown  deposit  ol  colloidal 
cuj)rous  sidfide  or  a  white  haze  will  iorm.  I'he  excess  ol  copj^er  and 
iron  can  be  removed  from  the  wine  by  treatment  with  potassium 
ferro(yanide  under  controlled  conditions.  In  several  Euroj>ean 
countries,  this  so-called  blue-lmiug  is  permitted  when  j)racticed 
under  government  suj)ei  vision.  Ulue-fiuing  is  usually  accom|)anied 
or  followed  by  lining  with  gelatin-tannin,  casein,  or  bentonite. 

Several  possible  substitutes  for  soluble  ferrocyauides  have  been 
projjosed  in  recent  years  (Joslyn,  (lane,  aiul  Lukton**),  but  ol  the 
treatments  investigated,  an  adsorption  complex  ol  Prussian  blue  and 
ferrocyanide,  or  a  new  ferrocyanide  jueparation  developed  by 
Fessler*'’  is  the  most  j)romising.  I'he  Kessler  comjxnmd  has  been 
found  to  remove  excess  copper  Irom  wine  ellectively  and  can  be 
added  in  larger  amounts  than  recpiired  to  remove  the  coj)per  with- 
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out  change  in  chcinical  c oinposilion  or  allcralion  in  organolcjitic 
(jiialities.  Its  use  was  pcnnittecl  in  1952  in  C>alitornia  l)y  the 
C^aliiornia  State  I)e])artinent  oi  Health  uiulei  control  ol  a  cjualihecl 
food  technologist  (Marsh'"^'’’). 

(Control  of  Bacterial  Spoilage 

1  he  most  serious  spoilage  in  musts  and  wines  is  caused  by  the 
unchecked  activity  of  acetic  and  lactic  acid  bacteria.  The  spoilage 
of  must  can  be  readily  checked  by  the  use  ol  sulfur  dioxide,  cool 
fermentation  and  pure  yeast.  I'he  most  widely  distributed  acid- 
tolerant  organisms  resj:)onsible  for  the  sjjoilage  ol  wine  are  gram¬ 
positive,  lactic-acid-producing  bacteiia  ol  both  rod  and  sjjherical 
forms.  Leuconostoc  forms  are  more  prevalent  than  Lactobacillus 
species.  Lactobacillus  spoilage  of  table  wines  can  be  checked  by 
jjasteurization  (about  1  minute  at  IdS^F)  and  maintenance  of  a 
sidliir  dioxide  content  of  abcjut  100  jjpni  or  by  sterile  filtration. 
1  he  most  common  and  serious  bacterial  spoilage  of  fortified  wine 
is  caused  by  an  alcohol-tolerant,  filamentous,  heterofermentative 
sjjecies  of  Lactobacillus.  Sulfur  dioxide  pasteurization  or  acidifica¬ 
tion  may  be  used  to  control  spoilage  by  this  organism. 

5  east  turbidities  have  been  observed  in  white  table  wines  and 
in  cei tain  dessert  wines,  particularly  those  of  lotv  free  sulfur  dioxide 
content.  Sterilization-filtration  has  been  found  the  best  means  of 
controlling  these  conditions. 
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PRODHC I  ION 


Fortification 

In  the  i.icdnction  „l  dessert  wines,  soitml,  cletiti  liratidv, 
Itreletahly  ohtanied  Ik, in  the  varieties  „l  grapes  used  in  tnakittg  the 
part.cnlar  wtne,  is  adtietl  to  the  lennetued  or  partly  lertttented  witte 
nnt  ei  the  jtirtsdittton  ol  a  governnicnl  gager.  The  wine  to  he 

ortthed  ,s  itntnped  Iron,  the  lerntentor  at  a  Hi . .  leading  (i-  to 

III  Ingher  than  ts  ties.red  at  the  time  ol  lot tiHcation.  The  lortilic,. 
-  -ar,  ,e.l  o,,t  in  a  special  -lortilying  roottt."  whteh  is  ecpd  ^  i 
t  I  closecl  ,„  t,  ytng  tattks  ol  the  .teeessary  capacity.  .  loscci  stCrage 
.inks  lot  Inanely,  and  hrandy-weighing  tank.  The  wine  to  L 
i.klily  .nixed,  nsnaliy  wtth  clean  ctt;,!.;;  ait. 
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Its  alcohol  content  detenninccl  by  the  gager,  and  sufficient  brandy 
added  and  mixed  with  the  wine  to  bring  this  to  about  21%. 

Occasional  lots  of  wine  are  fortified  to  as  low  as  19%  or  as  high 
as  24%  for  blending  pnrjioses.  4'he  standard  wines  are  marketed 
at  about  20%  alcohol,  California  Port  testing  0°  Hailing,  Muscatel 
and  Angelica  7°  Balling  or  over,  and  Sherry  — to  T  Hailing.  Due 
to  the  effect  of  added  brandy,  the  Hailing  degree,  after  fortification, 
w’ill  be  ()°  to  10°  lower  than  before  fortification. 

Heat  Treatment 

fn  adtlition  to  the  usual  heat  stabilization,  CJalifornia  Sherry 
wines  receive  a  special  heat  treatment  or  baking  to  develop  the 
desired  flavor.  I’he  sherry  material  is  prejxired  for  this  by  storage, 
aging,  clarification,  and  filtration.  In  the  first  years  after  repeal 
of  prohibition,  sherries  were  baked  without  any  prior  treatment; 
the  break-point  w'as  the  criterion  for  determining  when  the  sherry 
was  tlone,  i.e.,  when  a  sample  withdrawn  from  the  tank  and  allowed 
to  cool  woidd  coagulate  and  clear  itself  within  24  hours,  ff  the 
sanijjle  remained  cloudy,  the  sherry  needed  atlditional  baking.  How¬ 
ever,  it  is  now  believed  that  baking  a  clean  wine  will  produce  a 
finer  sherry,  the  amount  of  baking  necessary  being  determined  by 
the  taste  of  the  individual  wine  maker. 

T  he  most  common  method  of  heating  is  the  use  of  live  steam 
through  closed  coils  in  the  bottom  of  the  tank.  Another  is  to  pass 
hot  water  through  coils.  A  third  method  gaining  favor  is  to  heat 
the  wine  with  an  external  heat  interchanger  anti  to  store  the  wine  in 
insulated  tanks  or  tanks  in  an  insidated  room.  The  wine  is  brought 
ujj  to  temperature  at  regidar  intervals.  Heating  this  wine  stabilizes 
it  as  w^ell. 


Vermouth 

Vermouth  is  essentially  a  basic  fortified  wine  with  an  infusion 
of  a  characteristic  mixture  of  bitter  and  aromatic  herbs.  Two  types 
of  vermouth  are  recognized,  the  Italian  or  Sweet  Vei mouth  of  1j 
to  17%  alcohol  and  12  to  19%  reducing  sugar,  and  the  French  or 
Dry  Vermouth  of  about  18%  alcohol  and  4%  letluting  sugai.  I  he 
wine  base  used  in  making  American  vermouths  is  aged,  clarified  aiul 
stabilized.  I'he  desired  extractive  from  the  herbs  and  drugs  may  be 
obtained  by  suspending  the  ground  or  macerated  herbs  direcdy  in 
the  wine  base  or  by  preparing  a  water  or  akohol  extract  which  is 
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then  added  as  a  flavoring  agent.  I'he  newly  made  vermouth  should 
be  fined,  aged  in  wood  for  a  short  period  of  time,  and  then  bottled. 


SPECIAL  PRACTICES  IN  TAHLE-WINE  PRODUCTION 

N 

Sweet  Table  Wines 

In  the  production  of  sweet  table  wines,  such  as  the  Sauternes, 
musts  with  higher  sugar  content  are  used  anti  the  fermentation  is 
checked  while  considerable  quantities  of  sugar  are  still  present. 
This  is  best  done  by  controlling  the  rate,  extent,  and  character  of 
fermentation  by  cooling  and  by  Iretpient  carelid  rackings,  followed 
l)y  addition  of  small  tloses  of  sidfur  dioxide.  Sweet  table  wines 
may  also  be  j^roduced  by  blending  the  dry  table  wines  with  grape 
concentrate  prepared  from  sulfited  must.  The  last  procedure  is 
used  in  the  jireparation  of  sweet  clarets  and  similar  wines. 


Sparkling  Wines 

Various  types  of  wines  retaining  a  permanent  excess  of  carbon 
dioxide  are  jnoduced.  These  are  distinguished  from  one  another 
by  their  method  of  manufacture  or  by  the  base  wine  used.  The 
largest  volume  of  sparkling  wine,  which  may  be  labeled 
Champagne,”  is  a  white  variety  produced  by  a  secondary  fermenta¬ 
tion  in  a  closed  container  of  l-gal  capacity  or  less.  Wines  produced 
by  a  secondary  fermentation  in  large-sized  closed  containers  (Char- 
mat  and  othei  j.)iocesses)  aie  called  champagne-type  or  ”Cjhampagnc- 
bulk  proce.ss”  il  they  have  the  aroma,  taste,  and  characteristics 


genet  ally  atttibuted  to  Cdiampagne.  Sjjarkling  Hurgundy  is  a  red 
wine  produced  by  a  secondary  fermentation  in  a  cimed  container. 
Various  sparkling  pink  wines  are  also  made.  In  addition,  carbonated 
wines  of  various  types  are  produced,  which  are  artificially  charged 
with  carbon  dioxide.  For  all  purposes,  a  wine  low  in  volatile 
acidity,  tait,  biilliant,  and  clean  is  recjuired. 

In  the  pitKluction  ol  "Cilia, npagne,"  a  wine  base  jii'epa.ccl  I, on, 
appiopriate  vaiiet.es  (Cliartlonnay,  I>inot  I, lane,  and  Pinot  noir  in 
C,aIi(oi  iua,  anti  selet  ted  vai  ieties  of  eastern  gra|ies  in  New  \'ork)  is 
used.  The  base  wine  must  be  below  (MI7%  in  volatile  aeiditv 
between  11.5  and  12.5%  in  aleol.ol,  and  above  (1.70%  in  total 
authty.  I  he  selected  wane  base  is  mixed  with  the  requiied  amount 
ol  snga,',  a  pme  tt.Ittne  of  the  agglome,ating  ehan,p,!^„e-type  yeast 
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( ili  ic:  ac  id  aiul  tannin  ii  iccjniicd,  and  then  l)()itlcd  in  heavy-walled 
glass  bottles  (apal)le  ot  withstanding  j)ressnies  up  to  9  atm.  4'he 
bottles  are  stoppered  with  special  three-piece  ])arathnecl  corks,  called 
tirage  corks,  which  are  held  in  place  l)y  a  special  steel  clamp,  called 
an  agrale.  The  bottled  wine  is  then  allowed  to  lerment  in  a  cool 
cellar  until  the  desired  amount  ol  carbon  dioxide  (4-()  atm  pres¬ 
sure)  is  jirochiced.  About  -1.3  g  ol  sugar  per  liter  ol  wine  will  yield 
1  atm  ol  pressure  in  the  bottle. 

.Viter  about  6  months,  when  the  lermentation  is  practically 
over,  the  precipitation  ol  yeast  cells,  tartrates,  etc.,  is  lacilitated  by 
shaking  the  bottles  and  lowering  the  temperature  to  25°F  lor  2 
weeks,  (llarilication  is  then  accomplished  by  grachially  moving  the 
seclinient  on  the  side  ol  the  bottles  to  the  corks  while  they  are  stored 
on  special  racks,  neck  clown.  The  sediment  is  removed  Iroin  the 
bottles  by  disgorging,  i.e.,  by  Iree/ing  the  sediment  and  a  portion  ol 
the  licpiid  in  the  bottle  neck,  removing  the  clamp,  and  allowing  the 
ping  to  be  lorcetl  out  by  the  gas  pressure  in  the  bottle.  The  wine, 
alter  disgorging,  is  Iree  ol  sugar  and  very  dry  in  taste.  To  satisly 
the  consumer’s  ])alatc,  a  licjiienr  c^l  pure  sugar,  aged  wine,  and 
brandy  is  added  and  the  bottle  is  corked,  wired,  capj^ed,  and  stored 
lor  aging. 

In  the  bulk-lermentation  processes,  it  is  possible  to  produce  a 
large  volume  ol  unilorm  sj^arkling  wine  ol  the  desired  compe^sition 
and  at  a  lower  cost  than  by  the  regnlar  champagne- method.  Fhe 
tanks  are  nsnally  ol  steel,  lined  with  glass  or  with  corrosion- 
resistant  metal,  and  are  provided  with  means  ol  cooling  or  heating 
the  wine.  A  yeast  starter  is  jjrepared  with  sullite-adapted  yeast  in 
diluted  grape  concentrate  or  in  wine,  snjjplemented  with  am¬ 
monium  phosphate,  nrea,  or  wine  malt.  4'he  wine  base  (nsnally 
ol  about  1 1.5  to  12.0%  alcohol  and  0.10%  sugar  content)  is  brought 
to  0.75%  acidity  by  the  addition  ol  citric  acid  and  enough  invert- 
sugar  sirup  is  added  to  j)rocluce  a  cuvee  ol  12.5%  alcohol,  2% 
reducing  sugar,  and  a  carbon  dioxide  pressure  ol  0  atm.  in  such 
bulk  lermentation,  1  g  ol  sucrose  j)er  1  will  produce  1  atmosjdieie 
jnessure.  I  he  wine  is  brought  to  100  j^pni  ol  total  sullur  dioxide, 
about  5%  ol  active  sullite-adapted  yeast  starter  is  added,  and  the 
lermentation  is  conducted  at  00“F.  Cold  brine  is  circulated  through 
the  cooling  jacket  to  maintain  this  temperature.  The  carbon  dioxide 
pressure  increases  steadily  during  lermentation  and  usually  reaches 
90  lb  at  the  end  ol  0  clays.  When  the  wine  has  attained  this  pres- 
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sure,  the  iennentation  is  stopped;  by  eireulating  relngeratetl  brine 
through  the  jaeket  until  a  wine  temperature  ol  2-1°  to  'lO'F  is 
reached.  The  wine  is  stabilized  by  relrigeration  lor  10  days  at  24° 
to  28°^^  and  fdtered  Ironi  the  lermenting  tank  into  a  j)recooled 
holding  tank  under  isobaroinetrie  eontlitions.  I  he  filtered  wine  is 
then  held  again  lor  about  2  days  at  24°F  and  the  cycle  reiK'ated  to 
obtain  a  clear,  stable  wine.  In  some  practices  to  stabilize  the  wine, 
sulfite  is  added  at  the  end  ol  the  fermentation  immediately  alter 
chilling.  The  wine  is  then  bottled  at  below  '1()°F,  corked,  caj^ped, 
and  aged  for  .S  to  h  months. 


WINERY  BY-PRODUCTS 

The  stems,  jnessed  pomace,  and  crude  lees  are  the  main  by- 
jjroducts  ol  the  Iennentation  room.  Whne  lees  and  argols  are  ob¬ 
tained  as  additional  products  in  the  storage  cellars.  I'o  disjjose  ol 
the  45  to  90  lb  ol  stems  obtained  j>er  ton  ol  grapes  crushed,  they 
are  scattered  through  the  vineyard  where  they  soon  dry  up.  14ie 
pressed  pomace  varies  from  .SOO  lb  to  over  500  lb.  The  pomace  may 
contain  fairly  large  amounts  ol  sugar  or  be  practically  free  from 
sugar,  dej)ending  on  the  type  ol  ojjeration  and  may  be  free  from  or 
contain  several  percent  ol  alcohol.  The  ijomace  has  little  value  as 
fertilizer  but  has  some  value  as  feed.  4  he  alcohol  present  in  the 
pomace  is  recovered  by  distillation  in  a  pomace  still  or  by  washing 
and  distilling  the  wash.  4  he  grape  seeds,  which  constitute  20  to 


?{0%  ol  the  i>omace  on  the  wet  basis  are  valuable  lor  their  oil 
content  which  ranges  from  12  to  22%.  4  he  seeds  may  be  sej>arated 

bom  the  pomace  by  screening,  dried,  and  extracted  with  solvents 
to  produce  bland  table  oil. 

I-C,  i,>n  „l  grapes  210  u,  220  gal  ,>l  n  usluci  grapes  are  „l,taiT,«l. 
"  lull  yield  120  tii  150  gal  ol  Irec-riiii  juiee  and  30  lo  50  gal  ol 
press  |uiee.  giving  a  total  of  105  to  185  gal.  I  he  Irec-rnn  tvine'varies 
to,"  I.HO  to  175  gal;  the  Irec-rnn  and  |ness  wine  Iroin  Hill  to  170  gal 
I  he  lees  Iron,  the  free-run  wine  at  first  racking  varv  from  2  to  7  gal 
pe,  ton  at  the  second  racking,  2  to  0  gal  of  lees  are  obtained  The 
total  vohnne  o  w.ne  lees  Iron,  two  rackings  varies  from  4  to  13  gal 
1  he  vohnne  ol  table  wme  ohtainetl  alter  two  rackings  is  125  to  105 

bom  to  1(1(1  gal  per  ten.  depentling  on  the  sngar  content  of 
e  apes  and  wme.  1  he  Ices  obtained  I, on,  70,(111(1  gal  tf  dessert  wine 
•d  the  hrst  racking  amounted  to  1,2(10  gal  and  a,  the  second  racking 
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to  500  gal,  or  approxiniatc'ly  1.5  and  0.7%  l)y  volume,  respectively. 
1  he  alcohol  in  the  lees  is  recovered  by  distillation.  Both  the  pomace 
and  the  lees  are  valuable  sources  ot  cream  ol  tartar. 

Oeam  of  Tartar 

T  he  jjroduction  ol  tartrates  Iroin  Calilornia  crudes  is  now 
limited,  but  during  Workl  War  11,  a  high  percentage  ol  tartrates  was 
lecovered.  Many  European  w'ineries  save  all  their  pomace,  lees, 
and  distillery  slop  and  regularly  scrape  their  tanks  in  order  to 
recover  the  cream  ol  tartar.  T  he  lower  cost  ol  j>roduction  in  Europe 
than  in  .America  allow's  the  imported  jjroduct  to  undersell  the 
tlomestic. 

1  he  recovery  ol  tartrates  Irom  winery  wastes  has  been  investi¬ 
gated  by  Marsh^'^  w’ho  has  described  the  principles  involved  in 
successlul  tartrate  recovery  both  as  cream  ol  tartar  and  calcium 
tartrate.  Matchett,  Legault,  Nimmo  and  Notter*®  have  described 
the  use  of  ion  exchangers  in  acid-carbonate  cycle  for  tartrate  re¬ 
covery.  The  extent  of  tartrate  recovery  in  California  from  [anuary 
1942  to  April  194.8  has  been  estimated  at  about  2,000,000  lb  of  dried 
wine  lees  and  argols  and  900,000  lb  of  calcium  tartrate.  The  winery 
wastes  which  .serve  as  sources  of  tartrates  are  jjomace,  natural  lees, 
refrigerated  lees,  and  argols. 

Table  wine  pomace  ranges  from  11  to  16%  total  tartrate  con¬ 
tent  expressed  as  jiotassium  add  tartrate  for  red  wine  jjomace  and 
4  to  11%  for  white  j^omace  on  a  dry  weight  basis.  T  artrate  is 
present  in  California  pomace  in  the  form  of  minute  crystals  adhering 
to  skins  and  other  tissue  debris.  It  may  be  most  economically  re¬ 
covered  by  hot-water  extraction;  part  of  the  tartrates  in  the  extracts 
can  be  recovered  as  crude  (ream  ol  tartar  by  allowing  the  extracts 
to  cool  and  the  balance,  by  jnec  ij)itation  with  lime  and  calcium 
(hloride  under  (ontrolled  (onditions.  .V  pH  ol  4. .5  should  be  main¬ 
tained  to  obtain  the  greatest  yield  ol  calcium  tartrate  of  highest 
purity.  Table  w'ine  lees  w'ill  contain  0.2  to  0./  lb  ol  potassium 
acid  tartrate  per  gal  and  5  to  1.8%  alcohol.  The  tartrates  can  be 
recovered  from  the  lees  after  the  alcohol  is  remov'ed  by  distillation. 
TTie  argols,  both  natural  and  refrigerated,  contain  cream  of  tartar. 
T  he  distillery  slops  can  also  be  |>rocessed  for  tartrate  recovery.  In 
the  accumulation  and  storage  of  tartrate,  paiticular  attention 
should  be  given  to  the  control  of  microorganisms  which  may  cause 
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decomposition  (Vaughn  and  Marsh, Stadtman,  Vaughn  and 
Marsli,^^  and  Vaughn,  Marsh,  Stadtman,  and  Cantino^''). 


EXAMINATION  AND  ANALYSES 
N  \\4ncs  are  regularly  examined  and  analyzed  to  lollow  their  de¬ 
velopment,  detect  incipient  sjioilage,  establish  type  and  quality, 
and  decide  on  the  necessary  treatments  anti  blends  as  well  as  on  the 
time  of  bottling.  I’he  ajjpearance,  odor,  and  flavor  of  wine  are 
determined  by  exjjeriencetl  wine  tasters.  I'he  wine  is  also  analyzed 
regularly  for  its  alcohol,  total  acitlity,  volatile  acidity,  reducing 
sugar,  tannin,  anti  sulfur  dioxide  content.  Ehe  compositit)n  ol 
wines  is  useful  as  a  guide  to  ct)nformity  tt)  type  and  general  sountl- 
ness.  Detailed  data  on  the  ct)mposition  of  California  wines  sid)- 
mitted  for  judging  at  several  expositions  has  been  given  by 
.Vmerine.^  f)ata  for  alcohol,  extract,  sugar,  total  acid,  volatile  acid, 
pH,  iron,  sidfur  dioxide,  tannin,  color,  acetaldehyde,  total  neutral 
ester,  volatile  neutral  ester,  anti  glycerol  were  shown  ff)r  a  large 


number  of  samples  of  thirteen  types  of  white  table  wines,  six  types 
ol  red  table  wines,  and  ten  types  of  tlessert  wines.  Samjdes  of  the 
wine  are  subjected  to  various  stability  tests. 

The  Balling  or  Brix  degree  of  the  tlessert  wine  is  usually 
determined  as  a  measure  of  its  conformity  to  class  designation. 

(!)  The  clarity  anti  color  are  noted  t)n  the  original  sanijjle. 
4  his  can  be  tlone  by  a  Klett-Summersf)n  or  a  Lumitron  phott)electric 
colorimeter.  (2)  One  samjile  is  storetl  at  I8“F  and  another  sample 
at  I2()°F  lor  2  tlays  each.  (.S)  I'he  reatlings  are  taken.  (*1)  Both 
samples  are  storetl  at  18°F  for  an  atlditional  2  tlays  anti  reatlings 
taken  again.  (5)  Both  samples  are  storetl  at  room  temperature  lot 
2  tlays  and  reatlings  taken.  If  there  is  no  material  change  in  the 
reatlings  or  appearance  of  the  wine,  it  is  considered  stable.  ^)ifterent 
laboratories  use  motliht ations  of  the  tlescribed  procetlure  and  are 
al.l.  lorecas,  .hc  stability  „l  thy  ,,1,,,.  ,, 
metallic  hazes. 


BRODHCmON  S4  .n  isi  ICS 
I  he  total  apitate.it  to„s,„nptto„  ol  wi„e  i„  the  Unitctl  States 

f  . .  gal,  ol  ,vhi,h  Sli.lKKI.tlOd  gal 

c  Caltlointa  wities.  Ol  the  halance,  8,5(1(1,(111(1  gal  were  prctltKetl 

UOO  gal  were  table  wines;  7(),()()0, ()()()  o,,!  dessert  wines; 
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2, 300, 000  gal  vennoulli;  and  1,200,000  gal  sjjarkling  wines,  d'he 
apjxirent  consumption  in  1910  w'as  140,500,000  gal,  but  included j 
withdrawals  lar  in  excess  ol  actual  consumjjtion.  'I'he  appareuLl 
av'erage  per  capita  consumption  was  0.07  gal  in  1947  and  1.00  gal  in  ■ 
1940.  The  average  tor  1940-47  ol  0.84  gal  compares  lavorably  withi 
the  all-time-high  rate  ol  0.85  gal  reached  in  1942.  T  he  net  produc¬ 
tion  ot  wine  in  the  United  States  reached  105,000,000  gal  in  1940-47,. 
ot  which  (Jalilornia  produced  157,000,000  gal.  T  his  cjuantity  ol 
wine  in  Calilornia  was  made  Irom  some  1,052,000  tons  ol  grapes  ouM 
of  a  total  grape  crop  of  2,918,000  tons.  T4te  total  number  of  bonded 
wineries  in  the  United  States  during  the  years  19.34  through  1948' 
varied  between  744  and  1200,  with  799  operating  in  1948.  T  he 
total  number  of  California  wineries  varied  between  .381  and  7.3.3, 
with  .381  operating  in  1948. 
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CHAPTER  8 


GLYCEROL 

/..  A.  Underkofter 


Glycerol,  also  called  glycerin  or  propanetriol,  is  a  viscous,  odor¬ 
less  and  colorless  liquid  having  a  slightly  sweet  taste.  It  is  a  trihydric 
alcohol  with  a  hydroxyl  groiqi  on  each  ot  three  adjacent  carbon 
atoms,  the  tormula  being  GH/)H*CHOH*CH:>OH.  As  a  chemical 
substance,  it  has  many  uses  in  such  tliversified  products  as  explosives, 
metals,  foods,  beverages,  cosmetics,  plastics,  paints,  and  protective 
coatings,  to  mention  but  a  lew’.  Leffingwell  and  Lesser"*  have 
jniblished  a  rather  detailed  book  on  the  industrial  and  commercial 
applications  of  glycerol.  Included  in  this  book  is  a  list  ol  1583 
individual  uses  lor  glycerol  and  this  list  is  doubtless  incomplete. 

I'he  princijKil  source  for  glycerol  has  long  been  horn  the 
saponification  of  fats  and  oils  in  making  soaps,  ft  may  also  be 
produced  by  fermentation  and  by  synthesis  from  hydrocarbon  gases. 
Lawrie^"  in  1928  covered  the  literature  up  to  that  time  on  the 
subject  ol  glycerol  in  practically  all  ol  its  aspects. 

.\s  a  product  of  fermentation,  glycerol  was  first  identified  by 
Pasteur.^**  While  studying  pure  yeast  cultures  in  connection  with 
the  jiroduction  of  wines  anti  beers,  he  lonnd  that  2.5  to  .3.6  g  ol 
glycerol  was  normally  produced  from  each  100  g  of  sugar  leniiented. 
About  1911,  Neuberg  and  coworkers  began  to  publish  results 
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o£  their  investigations  on  the  problem  ol  the  alcoholic  fermentation 
mechanism.  These  studies  led  Neuberg  to  the  idea  of  fixing  the 
acetaldehyde  formed  as  intermediate  in  the  yeast  fermentation-  by 
agents  such  as  sidfites.  Neidierg  used  sodium  sidfite  foi  most  of  his 
experiments.  Since  the  bisulfite  radical  is  concerned  with  the 
fixation  of  acetaldehyde,  Neuberg  suggested  the  following  theoretical 
reaction: 


NigSO, -f  H/)  - >  CH/.HO'NaHSO^  +  NaHCO,  +  CjHgO., 

As  a  result  of  the  theoretical  studies,  Neuberg,  Hirsch,  and 
Reinfurth^’  proposed  three  forms  of  sugar  dissimilation  by  yeast: 

I.  - >1^  C'...H.OH  -(-  2  CX)^  (normal  alcohol  fermentation) 


11- 


-(-  CO.,  -(-  (snlhte  fermentation) 


HI-  +  HX) 


2  CO„  +  CHXX)()H  +  C„HX)H  +  2  C3HP., 

(alkaline  fermentation) 


Neuberg’s  first  form  of  fermentation,  the  normal  alcoholic  fer¬ 
mentation,  is  generally  known  as  the  Gay-Lussac  reaction.  His  third 
form  may  be  considered  as  merely  a  modification  of  the  second  form 
in  which  the  alkali  causes  the  acetaldehyde  to  undergo  the  Can¬ 
nizzaro  reaction  to  torm  acetic  acid  and  ethanol. 

.After  Neuberg’s  work,  a  great  many  workers  have  niatle  con¬ 
tributions  to  the  complete  elucidation  ol  the  mechanism  of  yeast 
fermentation.  I  he  present  knowledge  has  been  outlined  in  Figure 
I  ol  Chaptei  2.  According  to  this  Meyerhof-Parnas-Embden  scheme, 
the  glyceiol  legidarly  found  as  a  minor  product  of  yeast  fermenta¬ 
tion  is  formed  by  reduction  of  glyceraldehyde  phosphate  prcxiuced 
during  the  “initial  phase’’  of  the  fermentation.  When  enough 
acetaldehyde  has  been  formed  in  this  initial  phase  to  serve  as 
hydrogen  acceptor,  the  “stationary  condition’’  of  the  fermentation 
is  leached  and  the  normal  alcohol  fermentation  continues.  Ob¬ 
viously,  if  the  acetaldehyde  is  fixed  by  addition  of  sulfite,  or  is 
converted  to  acetic  acid  and  ethanol  by  alkaline  conditions,  it  cannot 
serve  as  hydrogen  acceptor,  but  instead,  the  glyceraklchydc  phos¬ 
phate  continues  to  be  reducetl  and  glycerol  accumulates.  In  this 
niaimei,  theielorc,  the  modern  mechanism  accounts  for  Neubere’s 
second  and  third  forms  of  yeast  fermentation  ^ 

l)uri,.g  \ya,  1,  <le,„a,ul  lor  glycerol  lor  |rro<U,clio„  of 

xi^osrves  exceeded  the  s„,,|rly.  The  shortage  was  especially  ac.te 
Gem, any,  cut  off  Iron,  nuportation  of  fats  hy  the  blockade  of  the 
■  es.  he  theoretical  consitlerations  of  Neuberg  were,  therefore 
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used  l)y  (..onusteiii  and  Liidecke^  as  a  basis  ior  development  of 
fermentation  procedures  tor  glycerol  j)roduction.  They  first  in¬ 
vestigated  fermentation  under  alkaline  conditions  to  obtain  in¬ 
creased  yields  ol  glycerol.  They  (ompared  various  alkaline  salts 
under  varying  com entrations  and  ol)tained  yields  of  glycerol  up  to 
about  Ib%  ol  the  weight  ol  sugar  fermented.  However,  they 
lound  that  alkaline  (onditions  increased  the  danger  of  infection  of 
the  lermentation  l)y  lactic  acid  organisms  and  other  contaminants 
which  lowered  yields  and  increased  the  difficulty  of  determining 
and  recovering  the  glycerol.  They,  therefore,  investigated  the  use 
ol  sulfites  and  develc)ped  the  sulfite  ptocess  lor  glycerol  production. 
During  VV^orld  W^ar  1,  alter  their  process  was  develcjped,  dynamite 
grade  of  glycerol  was  jjroduced  in  large  amounts  in  Ciermany  and 
.Austria  by  the  yeast  fermentation  of  a  beet-sugar  medium  in  the 
presence  of  sodium  sulfite.  .After  the  war,  the  jjrocess  was  patented 
by  (^onnstein  and  Liidecke  in  many  countries.  United  States 
patents®’”  were  granted  in  1921  and  1924.  A  number  of  other 
workers  in  various  countries  later  investigated  lermentations  for 
j>roduction  of  glycerol  by  addition  of  various  soluble  sulfites  to  yeast 
fermentations,  for  exam])le.  Cocking  and  Lilly,'^  romoda,®^  Hesse,'’ 
Haehn,'®  and  Corm^e.’ 


During  VVAnld  War  1,  information  was  received  in  the  United 
States  that  Ciermany  was  j^roducing  glycerol  from  sugar  by  a  ler¬ 
mentation  jjrocess.  Three  go\'ernment  laboratories  started  woik  on 
the  problem  and  EofT,  Linder,  and  Beyer'”  rej)orted  that  the 
addition  of  alkalies,  such  as  sodium  carbonate,  gave  ri.se  to  con¬ 
siderable  cpiantities  of  glycerol  during  the  fermentation  of  sugars  by 
yeast.  Eoff”  was  granted  a  patent  which  covered  the  production  ol 
glycerol  f)y  fermentation  of  sugars  in  the  presence  of  alkali.  L.arge- 
scale  test  fermentations  were  (onducted  by  Eoll,  using  blackstrap 
molas.ses;'as  substrate.  He  obtained  20  to  25%  of  glycerol  based  on 
the  fermentable  sugars.  Recovery  ol  the  glycerol  from  these  fci- 
inentations  proved  extremely  difficult.  .More  recently  McDermott,''' 
Krug  and  McDermott,"’  Hodge,'”  and  Grover'"  have  patented 
alkaline  fermentation  j^roces.ses,  the  jjatents  ol  Krug  and  McDermott 
and  of  Hodge  emj)loying  ammonia  as  the  alkah/ing  agent. 

May  and  Herrick""  briefly  reviewed  the  problem  of  producing 
ulycerol  l)y  fermentation.  More  recently  Wdialley®’  has  abstracted 
articles  and  patents  through  1941,  involving  the  production  of 

glycerol  by  fermentation. 
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The  two  Icrnientation  processes  ol  liistorical  interest  ate  the 
soluble  suHite  jtrocess  and  the  alkaline  process.  In  the  lirst,  large 
imiounts  ol  soluble  sulfite,  such  as  sodium  sulfite,  are  einjjloyed  in 
yeast  fermentations.  During  the  lermentation,  the  sulfite,  in  contact 
with  carbon  dioxide,  furnishes  sodium  hisidfite  to  fix  acetaldehyde 
and,  therefore,  increases  the  glycerol  yield.  In  the  alkaline  process, 
alkaline  salts,  such  as  sodium  carbonate,  are  added  to  yeast  fer¬ 
mentations.  'Ellis  causes  conversion  of  intermediate  acetaldehyde  to 
acetic  acid  and  ethanol,  residting  in  formation  of  increased  amounts 
of  glycerol. 

According  to  the  lermentation  mechanism,  one  mole  of  glycerol 
should  be  obtained  for  each  mole  of  acetaldeliyde  fixed  or  trans¬ 
formed.  Thus,  the  theoretical  yield  of  glycerol  would  be  51  g  jier 
100  g  of  sugar  fermented.  However,  in  almost  all  reports  and 
patents,  the  maximum  yields  of  glycerol  have  been  of  the  order  of 
half  the  theoretical  amount.  This  is  accounted  for  by  the  fact  that 
even  though  conditions  are  quite  abnormal  for  yeast  fermentation, 
the  normal  alcoholic  fermentation  continues  to  an  appreciable 
extent. 


The  main  hinchance  to  successfid  exploitation  of  glycerol  fer¬ 
mentations  has  been  difficulty  in  recovering  the  glycerol  from  the 
fermented  beers.  In  most  cases,  the  concentration  of  soluble  salts 
exceeds  the  concentration  of  glycerol  jnesent,  even  when  jmre 
sugar  is  used  as  the  carbohydrate  source.  When  fermentation  of 
crude  substrates,  such  as  molasses,  is  attempted,  the  difficulties  are 
enhanced.  Recovery  of  the  glycerol  from  such  mixtures  is  extremely 
difficult  by  any  of  the  conventional  methods,  such  as  distillation  or 
solvent  extraction.  Recently,  Fulmer.  Underkofler,  and  Hickey- 
have  suggested  a  process  involving  the  use  of  insoluble  sulfites  at 
slightly  acid  pH  which  should  facilitate  recovery. 


SOLUBLE-SULFITE  PROCESSES 
The  German  Proeess 

The  process  ol  Clonnsteio  and  Liklecke,'  ”  developed  to  me. 
ptergency  rec,n„e.ne.tts  ol  glycerol  i„  (;e„na„y  dnri,,  ‘\v„.ui  w. 
,  was  Uldized  by  the  I'totol  Gesellschalt  in  twentydont  faCnie 
pr.xluc.ng  oven  I, .10.1  tons  of  dynatnite-gtatle  glycerol  a  mmtd 
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Accoicling  to  Zcrncr,^**  tlie  process  was  also  used,  to  a  considerable 
extent,  in  Austria.  Following  the  war,  Verbeek^""  jnd)lished  accounts 
ol  the  Protol  and  Fenncntol  operations.  Foth"  has  also  brielly. 
described  the  process.  I'he  (iernian  oj)crations  were  based  on  the 
general  jjrocedure  tlescribed  in  the  following. 

1  he  mashes  consisted  of  solutions  of  pure  white  beet  sugar  inj 
water,  to  which  nutrient  salts  and  sodium  sidfite  were  added.  The 
projjortions  were  1  kg  sucrose,  50  g  ammonium  nitrate,  7.5  g  dipotas¬ 
sium  jdiosphate,  and  100  g  sodium  sullite  in  10  1  water.  Magnesium 
sidfate  in  small  amounts  was  sometimes  also  added.  I'o  the  sugar- 
salts  solution,  100  g  of  fresh  filter-pressed  yeast  was  added  and  the 
fermentation  allowed  to  j^roceed  for  18  to  GO  hours  at  .^0°C.  Ac¬ 
cording  to  Verheek,  the  fermentations  were  conducted  in  tanks  ol 
.800,000  1  (80,000  gal)  caj)acity.  According  to  Flenneherg,*®  one 
plant  emjiloyed  125,000  gal  fermentors  and  used  GO  tons  of  sugar 
and  G  tons  of  yeast  daily.  In  warm  weather,  it  was  necessary  to  cool 
the  fermenting  mashes.  Much  carbon  dioxide  and  hydrogen  sulfide 
were  liheratetl.  At  the  eiul  of  the  fermentation,  the  beer  was 
clarified  by  settling,  the  clear  portion  decanted,  and  the  remainder 
filter  pressed.  I'he  yeast  so  filtered  off  could  not  be  used  for  seeding 
fresh  mash  because  of  its  contamination  with  so-called  wiki  yeasts. 
'Fhe  clear,  filtered  mash  contained  2  to  8%  glycerol,  2  to  8% 
ethanol  anti  about  \  %  acetaldehyde,  in  atldition  to  inorganic  salts, 
acetic  acid,  etc.  The  filtered  beer  was  distilled  to  recover  alcohol 
and  acetaldehytle,  very  efficient  condensers  being  retpiired  to  prevent 
a  great  loss  ol  acetaldehyde. 


I'he  concentration,  purification,  and  distillation  of  the  glycerol 
were  conducted  in  central  factories.  In  only  one  plant  was  the 
entire  process  carried  through  from  fermentation  to  dynamite 
glycerol.  All  the  other  fermentation  j)lants  shijjped  the  glycerol- 
containing  distillation  residues  to  refining  centers.  From  some 
plants,  the  thin  stillage  was  shipped.  Other  fermentation  jdants 
concentrated  the  thin  stillage  in  vacuum  evaj)orators  to  a  density  ol 
about  25°  lie  and  rati  it  into  storage  tanks.  On  cooling,  a  con¬ 
siderable  amount  of  salt  crystallized,  mostly  sodium  sulfite,  whiclii 
was  reused  in  fresh  mashes.  Fhe  crude,  concentrated  solutions  so 
obtained  for  the  refinery  were  very  impure,  brownish-green  to 
yellow  in  color,  saturated  with  sodium  sulfite,  and  contained  about: 

M  to  18%  glycerol. 

I'he  analytical  yields  from  normal  fermentations,  based  on  the: 
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weight  of  sucrose  lennemed,  were  about  20  to  25%  of  glycerol,  80% 
of  alcohol,  and  5%  of  acetaldehyde.  As  tar  as  is  known,  in  the 
connnercial  production  ol  glycerol  in  (Germany  ami  Austiia,  puic 
sugar  was  always  used  as  lennentable  substrate/  1  here  is  some 
indication  by  Z.erner^*’  that  attenijns  may  have  been  made  to  use 
molasses  in  .Vustria,  but  no  record  has  been  lound  that  this  was 
ever  employed  on  a  large  scale.  The  reco\ery  ol  dynamite  glyceiol 
from  the  industrial  lermentations  rarely  exceeded  60%  and  was 
usually  less  than  50%  ot  that  present  and  the  recovery  problem 
woidd  have  been  greatly  intensified  with  the  use  of  molasses,  having 
.H0%  of  nonsugar  solids.  Tremendous  losses  occurred  in  the  recovery 
operations  so  that  usually  10  to  12  kg  ol  rehned  sugar  were  re¬ 
quired  to  jjroduce  1  kg  of  dynamite-grade  glycerol  in  the  German 
practice. 


The  Ammonium  Sulfite  Process 

The  difficulties  in  glycerol  recovery  experienced  during  ojjera- 
tion  of  the  Cierman  sodium  sulfite  j^rocess  were  very  great  as 
indicated.  11  a  method  coidd  be  devised  which  would  materially 
reduce  the  content  ol  dissolved  solids  in  the  fermented  beer,  recovery 
woidd  be  facilitated  and  a  lermentation  might  have  more  promise, 
tnhner,  Tnderkofler,  and  Hickey’’^  attempteil  to  solve  this  problem 
by  emjjloying  ammonium  sulfite,  which  could  be  removed  after 
fermentation  by  jnecipitation  and  volatilization.  In  the  laboratory 
work  on  which  the  ])atent  ol  these  Avorkers  was  based,  a  medium, 
containing  j^ei  liter,  150  g  sugar  (as  dextrose),  2.0  to  5.0  g  corn  steep 
liquoi,  1.5  g  annnonium  chloride,  0.75  g  dij>otassium  phosphate, 
0.75  g  inonopotassinm  phosphate,  0.2  g  magnesium  sulfate  hydrate, 
and  0.1  g  calcium  chloride,  was  inoculated  with  10%  by  volume  of 
an  active  yeast  culture.  Wdien  the  fermentation  became  vigorous, 
annnonium  sulfite  was  added  in  5  g  j:»ortions,  per  liter  of  medium, 
at  about  6-hour  intervals  until  a  total  ecpiivalent  to  60  g  of  sulfur 
dioxide  had  been  added.  Fermentations  under  these  conditions 
Avere  extremely  erratic.  At  times,  yields  up  to  20  g  of  glycerol  per 

g  of  sugar  Avere  obtained,  but  the  usual  vields  were  much 
loAver.  It  was  found  that  the  pH  was  extremely  critical.  If  the  con¬ 
ditions  became  alkaline,  lermentation  ceased  due  to  toxicity  of  free 
aminonia  to  the  yeast.  If  the  inediuin  became  more  acid  than  about 
pH  6.5,  lermentation  also  ceased  because  of  bisulfite  toxicity  Hy 
careful  control  at  pH  6.8  throughout,  the  fermentations  were  usually 
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successful,  with  yields  of  glycerol  in  the  range  of  15  to  20  g  per 
100  g  of  sugar,  the  balance  of  the  sugar  being  converted  to  alcohol 
and  carbon  dioxide.  Later,  it  was  lound  that  fermentations  were 
better  if  massive  inoculations  ol  yeast  were  employed.  Pressed 
yeast  or  yeast  cultivated  by  procedures  similar  to  those  given  in 
Chapters  9  and  10  may  be  employed,  inoculation  being  sufficient  to 
give  at  least  100  million  cells  per  ml  of  medium.  Under  these 
conditions,  there  is  little  or  no  proliferation  of  the  yeast  during 
fermentation  and  atldition  of  yeast  nutrients  may  be  omitted. 

A  preferred  method  of  operation  is  as  follows:  A  medium  is 
prepared  containing  150  to  200  g  of  sugar  (as  dextrose)  and  5  g  of 
ammonium  sidfite  per  1.  The  pH  is  adjusted  to  6.8  by  adding 
ammonia  or  ammonium  hydroxide  or  sidfur  dioxide  as  recpiired 
and  the  medium  is  then  inocidated  with  a  large  cjuantity  of  yeast 
sufficient  to  give  a  count  of  more  than  100  million  yeast  cells  per 
ml.  The  mixture  is  continually  circulated  and  the  temperature 
maintained  at  80  to  32‘’C.  As  the  fermentation  proceeds,  acetalde¬ 
hyde  is  fixed  by  the  bisidfite  jjresent  and  the  medium  tends  to 
become  more  alkaline.  The  reaction  is  continuously  controlled  at 
pH  6.8  by  automatic  addition*  of  sulfur  dioxide  as  required  by 
means  of  a  pH  recorder-controller.  The  course  ot  the  fermentation 
is  followed  by  periodic  sugar  analyses  on  the  medium,  and  when  no 
further  reduction  in  sugar  content  occurs,  the  fermentation  is  con¬ 
sidered  finished.  The  yeast  is  then  centrifuged  from  the  mash  and 
used,  together  with  additional  fresh  yeast,  lor  inoculation  of  anothei 

batch  of  fermentation  medium. 

To  the  fermented  liquor,  a  slurry  of  calcium  liydroxide  in 
excess  of  the  amount  required  to  make  the  mixture  distinctly 
alkaline  is  added.  The  volatile  substances,  including  ammonia, 
acetaldehyde,  anti  ethanol,  are  separated  and  recovered  by  distdla- 
tion.  The  solids  remaining  after  the  distillation,  calcium  sulfite 
and  excess  calcium  hydroxide,  are  removed  by  filtration  or  centrif¬ 
ugation.  Calcium  in  solution  is  i)recipitated  by  adding  carbon 
dioxide  to  the  hot  solution,  and  the  precipitated  calcium  carbonate 
removed  by  filtration  or  centrifugation.  The  remaining  liquid 
contains  the  glycerol  and  is  relatively  free  of  dissolved  solids.  From 
this  litiuid,  the  glycerol  may  be  obtained  by  evaporation  anc  is- 
tillation.  Or,  the  li(|uid  may  be  recycled  and  used  as  medium  foi  .i 
new  fermentation  by  adding  sugar  and  ammonium  sulfite.  Tn  this 
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way,  the  glycerol  concentration  ol  the  beer  may  be  increased,  thus 
facilitating  subsequent  glycerol  recovery. 

Although  the  use  of  ammonium  sulfite  as  acetaldehyde-fixing 
agent  was  successful  in  the  laboratory,  very  exacting  control  was 
i>ecessary  to  prevent  failure  and  the  procedures  for  eliminating  the 
salts  before  glycerol  recovery  are  somewhat  complicated.  No  pilot- 
plant  investigation  of  the  process  has  been  attempted  and  although 
the  process  materially  reduces  the  solids  content  of  the  fermented 
beer  concentrate,  the  economics  would  probably  not  be  very 
favorable. 


ALKALINE  PROCESSES 
The  Sodium  Carl>oiiate  Process 

The  process  developed  by  EolP'  during  \Vorld  War  I  never 
attained  actual  commercial  status.  However,  it  was  tested,  according 
to  the  report  of  Eoff,  Linder,  and  Beyer, in  small-plant-scale  fer¬ 
mentations  at  a  glycerol  refinery  with  mashes  up  to  2,000  gal.  Eoff 
made  a  rather  thorough  investigation  of  the  fermentation  on  the 
laboiatoiy  scale  before  the  plant  tests.  As  a  result  of  his  experiments 
he  found  that  atldition  of  various  alkaline  sidjstances,  such  as 
sodium  carbonate,  jiotassium  carbonate,  sodium  hydroxide,  potas¬ 
sium  hydi oxide,  and  borax  resulted  in  increased  glycerol  yield 
during  the  fermentation  of  sugars  by  yeast.  The  carbonates  of 
sodium  and  potassium  gave  best  results  and  sodium  carbonate  was 
the  most  satisfactory  as  to  cost  and  glycerol  yield.  About  5%  of 
sodium  carbonate,  based  on  the  weight  of  the  mash,  was  optimum. 
Greater  amounts  stopped  fermentation  permanently  and  smaller 
amounts  did  not  supply  sufficient  alkali  to  produce  maximum 
gycerol  yields.  The  sodium  carbonate  was  best  added  in  solid 
form  rather  than  in  solution  and  in  several  batches,  added  as  early 
and  as  frequently  as  the  yeast  would  stand  it.  The  most  favorable 
initial  sugar  concentration  was  17.5  to  20  g  per  100  ml  and  the 
most  favorable  temperature  .80°  m  .H2T:.  Under  these  conditions 
2  completion,  20  to  25%  of  the  sugar  had  been  converted  to 
hlycerol  and  practically  all  of  the  balance  of  the  original  smrar  to 
ethano]  and  carbon  dioxide.  ” 

. . . - 
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lers  into  iiurcasing  volumes  ol  masli,  using  5  to  10%  inoculum, 
and  ticclinuilized  to  alkali  by  adtling  0.5  to  1  %  sodium  carbonate 
to  the  culture  mashes. 

Details  ol  a  typical  plant  test  were  as  lollows.  The  yeast 
cidtuie  was  inocid.ited  inti.)  a  small  volume  ol  sterile  grape  juice. 
At  the  height  ol  vigorous  lernientation,  75  ml  ol  the  grape  juice 
cultuie  was  translerretl  into  800  ml  ol  sterili/ed  molasses  medium 
ol  21.2°  Hailing.  WOien  this  was  lernienting  vigorously,  3  g  of 
soda  ash  was  added  and  the  bottle  shaken  until  solution  was  com¬ 
plete.  When  the  yeast  was  most  active  this  was  employed  as 
inoculum  lor  a  larger  volume  ol  molasses  mash  which  was  treated 
at  the  proj)er  time  with  soda  ash  and  the  develoj)ment  was  con¬ 
tinued  in  the  same  manner  until  a  seed  mash  ol  200  gal  was  reached, 
rids  was  u.sed  lor  inoculating  the  main  lernientation  mash  which 
contained  4,856  lb  ol  blackstrap  molasses  and  1 1  lb  ammonium 
chloritle.  The  final  volume  was  2,142  gal,  and  the  Balling  hy- 
tlrometer  reading  was  21.7.  I  he  mash  contained  16.5  g  ol  sugar 
per  100  ml  by  reducing  sugar  analysis.  Alter  inoculation  with  the 
seed-yeast  culture,  the  mash  temperature  was  maintained  at  32°C, 
that  is,  it  was  reduced  by  cooling  when  it  rose  above  this  hgure. 
•A.  total  ol  092  lb  ol  soda  ash  was  added  in  batches.  The  percentage 
ol  the  total  soda  ash  added  and  the  times  ol  the  atlditions  were  as 
lollows:  12.5%  at  214  hours,  18.75%  at  414  hours,  25%  at  614 
hours,  25%  at  1014  hours,  18.75%  at  17  hours. 

I'he  plant  test  fermentations  retjiured  5  to  7  days  for  com- 
j)letion.  Analysis  ol  a  tyj)ical  beer  showed  glycerol  3.1%,  alcohol 
6.75%,  sugar  0.86%,  and  alkali  as  .sodium  carbonate  3.6  g  per  100 
ml.  According  to  Lawrie,"^"  KoH  conducted  15,000  gal  fermentations 
at  a  glycerol  refinery  in  Illinois  and  obtained  glycerol  yields  ol 
19.6  to  27.1%  from  blackstrap  mola.sses,  based  on  fermentable  sugar 
content.  Recovery  as  dynamite-grade  glycerol  Irom  the  lermented 
beers  was  only  about  50%  by  direct  ilistillation  in  a  vacuum  still. 

^Although  other  reports  are  lacking  in  the  htciatuie,  it  is 
known  that  large  pilot  plant  or  .semicommercial  alkaline  fermenta¬ 
tions  were  conducted  by  different  concerns  during  the  1930’.s  when 
glycerol  was  in  very  scarce  supi)ly.  Cilycerol  yields  ol  about  25% 
w’ere  obtainable  w'ithout  dilHculty,  but,  although  distinct  improve¬ 
ments  were  made,  the  problem  ol  recovery  was  never  lully  .solved. 
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Recently,  Seliacle  and  Farber’*  and  Schade"''  patented  lennenta- 
tion  processes  in  which  the  volatile  constituents,  principally  ethanol, 
i^etaldehyde,  and  carbon  dioxide  are  removed  during  the  ler- 
inentation  by  bubbling  air,  nitiogen,  or  oxygen  through  the  ter- 
inenting  medium  while  the  pH  is  maintained  at  neutral  or  slightly 
alkaline  reaction  by  addition  ol  suitable  hydroxides  or  basic  salts. 
Ibider  these  conditions,  it  is  claimed  glycerol  yields  are  aj)j)roxi- 
mately  those  obtained  bv  earlier  alkaline  fermentation  processes 
while  the  yeast  multij)lies  and  is  maintained  in  a  healthy  state  so 
that  it  can  be  reused  to  lerment  fresh  amounts  of  carbohydrates. 

In  the  first  process,®'  yeast  fermentation  in  the  j^resence  of 
magnesium  carbonate  is  emjiloyecf,  the  reaction  being  maintained 
between  j)H  7  and  8  by  addition  ol  10  to  20%  of  magnesium 
carbonate  based  on  fermentable  sugar  originally  jjresent  in  the 
medium.  In  an  example,  10  1  of  hydrolyzed  wheat  medium,  con¬ 
taining  1,700  g  of  reducing  sugars,  was  added,  together  with  170  g  of 
compressed  yeast  of  72%  moisture  content  to  a  fermentation  vat 
located  in  a  constant-temperature  room  at  32°C.  The  vat  was 
eejuipped  with  a  stirrer,  gas  disperser,  and  gas  outlets.  The  medium 
was  aeiated  at  the  rate  ol  1  1  per  minute.  T  he  jjH  Avas  kejJt  at  7.0 
to  7.2  by  addition  of  a  total  of  170  g  ol  magnesitim  carbonate. 
.Almost  all  of  the  fermentable  sugar  was  consumed  in  26  hours 
and  a  yield  ol  .310  g  of  jnire  glycerol,  after  refining,  and  400  g  of 
yeast  containing  72%  moisture  was  obtained. 


In  the  second  process,®”  the  pH  is  maintained  between  6.9  and 
/.3  by  the  addition  of  neutralizing  agents,  such  as  hydroxides, 
idiosphates,  or  carbonates  of  the  alkali  metals,  with  aeration  to 
remove  volatile  products  as  they  are  produced.  It  is  stated  that 
10  to  20%  carbohydrate  media  may  be  fermented  at  34°  to  37°r  in 
12  to  21  hours.  In  an  example,  10  1  of  hydrolyzed  wheat  medium 
containing  1,000  g  reducing  sugars  was  mixed  with  100  g  of  m 
pressed  yeast  „1  72%  ,„„ist.,.e  «,„te„t  i„  t,  va,  a„tl  abated  as 
s  iilKtl  l,el,„e.  I  he  pH  was  .tiaintahted  at  r,.<l  to  7.3  Ity  addition 

>t,unetl  In  another  example,  blackstrap  molasses  was  tised  as 
source  ol  catbohythate  and  the  mash  was  neutralize.!  during  fer- 
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mentation  with  a  45%  cakinin  hydroxide  slurry.  From  494  g  ot 
sugar  metabolized  during  the  lermentation,  110  g  ot  glycerol  were 
produced. 


INSOLUBLE-SULFl  FE  PROCESSES 

About  10  years  ago,  interest  was  revived  in  the  production  of 
glycerol  from  sources  other  than  soap  lyes.  This  residted  in  in¬ 
vestigation  of  possible  synthesis  from  petroleum  gases  which  led  to 
a  commercial  process  and  to  renewed  interest  in  fermentations.  In 
spite  of  much  previous  work,  fermentation  processes  had  not 
achieved  commercial  ajjplication,  except  in  Germany  during  World 
War  1,  mainly  due  to  the  tlifficulties  in  recovering  the  glycerol  from 
the  fermented  beers.  Since  the  recovery  difficulties  were  chiefly 
caused  by  the  high  concentration  of  dissolved  solids,  if  a  method 
could  be  devised  which  would  materially  reduce  the  content  of 
dissolved  solids,  recovery  woidd  be  facilitated  and  a  fermentation 
process  might  have  promise. 

Attention  was  turned,  therefore,  at  Iowa  State  College  to  the 
possibility  of  using  volatile  or  insoluble  sidfites  to  furnish  bisulfite 
for  fixation  of  acetaldehyde  in  yeast  fermentations.  The  extensive 
work  resulted  in  three  doctoral  theses  and  two  jjatents  and  part  of 
this  research  has  been  rej)orted  recently.'*'*'*’  The  ammonium 
sulfite  process  discussed  j>reviously  was  one  development  from  this 
research. 

It  was  found  during  this  research  that  such  compounds  as  the 
removable  ammonium  sidfite  and  the  insoluble  calcium  sulfite  or 
magnesium  sulfite  could  be  employed,  but  that  the  pH  must  be 
carefully  controlled  for  success.  At  too  acid  reaction,  the  bisulfite 
concentration  becomes  so  high  that  yeast  activity  is  diminished. 
At  low  acidity  however,  the  bisulfite  concentration  is  too  low  to  fix 
acetaldehyde  effectively  and  thus  to  change  the  course  of  the  normal 
yeast  fermentation  ajijjreciably. 

The  most  satisfactory  method  for  eliminating  the  necessity  of 
using  sohdile  comjiounds,  which  so  badly  complicate  the  lecoveiy  of 
the  glycerol  produced,  was  lound  to  be  by  fermentation  in  the 
jiresence  of  an  excess  of  slightly  soluble  sulfites.  Of  those  tried, 
calcium  sulfite  and  magnesium  sulfite  have  given  best  results,  the 
second  being  preferred. 

The  fixation  of  acetaldehyde,  with  residtant  increase  in  glycerol 
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production  by  yeast,  depends  on  the  presence  of  bisulfite  ions  in  the 
medium.  However,  excess  of  bisulfite  is  toxic  to  yeast  and  is,  there¬ 
fore,  detrimental  to  yeast  fermentation.  With  slightly  soluble 
sulfites,  the  bisidfite-ion  concentration  is  dependent  on  the  solubility 
()T  the  sulfite  and  the  pH  of  the  solution  due  to  the  equilibria: 

MgSO;,  (solid)  ^  MgSOa  (dissolved)  ^  iMg++  + 

SO,=  +  H+  ^  HSO,- 


Increase  in  the  acidity,  that  is,  lowering  the  pH,  not  only  increases 
the  bisidfite  concentration  but  also,  by  mass  action,  increases  the 
total  solubility  ol  the  slightly  soluble  sulfite  emjjloyetl. 

Early  laboratory  work  with  fermentations,  employing  slightly 
soluble  sulfites,  was  conducted  with  a  semisynthetic  medium  con¬ 
taining  sugar  and  yeast  nutrients.  A  typical  medium  had  the  com¬ 
position  per  liter  ol  150  g  dextrose,  3.5  g  Ditco  yeast  extract,  1.5  g 
ammonium  chloride,  0.75  g  dipotassium  phosphate,  0.75  g  mono- 
jjotassium  phosphate,  0.4  g  magnesium  sulfate  heptahydrate,  and 
0.1  g  calcium  chloiide.  Excess  solid  calcium  sulfite  or  magnesium 
sulfite  was  added,  the  jjH  adjusted  to  various  values  between  4.0 


and  7.5  by  addition  ol  the  required  amounts  of  hydrochloric  acid 
or  potassium  hydroxide,  and  inoculated  with  an  active  culture  of 
distillery  yeast.  Fermentations  occurred  in  the  j)H  range  of  4  5  to 
rb  with  calcium  sulfite  and  of  5.(1  to  7.5  witi,  magnesium  sulfite. 
Glycerol  yields  were  highest  with  the  lowest  pH  values  that  were 
to  erated  by  the  yeast  a.id  were  considerably  better  with  magnesium 
sulfite  than  with  calcium  sulfite.  This  is  undoubtedly  dt,;  to  the 
somewhat  greater  solubility  of  magnesitun  sulfite  than  of  calciun. 

hyde  fixation.  .Subsequent  work  showed  that  if  the  reaction  was 
tal-eful  y  controlled  at  the  0|ttimu,u  pH  level  throughout  the  fer- 
htentatton,  rather  that,  nterely  adjustetl  at  the  begh.ning  „f  ler 

eitTter ‘calc-  yields  were  , Attainable  with 

ei  calnum  sulfite  or  magnesium  sidlite,  although  the  .second 

gave  shghtly  better,  more  unilonn  and  consistent  results. 

Examples  ol  the  laboratory  work  on  wbirli 
based  are  as  follows.  To  1  500  ml  of  mpflb  r  IJ^tent  was 

tion  was  added  490  p-  .r  ,  ol  the  given  composi- 

cuhttre  w-hich  haci  Iteen  gZ  and  a  |east 

The  ntixture  was  incutfated  at  Sn-c'‘whTirti’'  *"'fi‘e- 

Toiled  at  „H  r..2  by  automatic'  addition 'of ‘5„'^‘'t::ic"':itr.: 
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ret|uired.  'The  Icnneiitalion  was  coniplcte  in  less  than  72  hours  and 
analysis  showed  a  yield  ol  2>S.15%  glycerol  on  the  weight  ol  the 
dextrose  originally  present. 

In  another  exainjjle,  1,550  ml  ol  inediinn  ol  the  composition 
described  was  inocnlated  with  an  acclimati/ed  inocidnm  consisting 
ol  calcinm  snlfite  and  yeast.  I’liis  was  inenbated  at  .SO’C^  and  the 
])H  regnlated  at  5.0  by  antomatic  addition  ol  snllnrons  acid  as 
recpiired.  Alter  lermentation  lor  72  hours,  the  yield  ol  glycerol 
was  21.5%. 


Obviously,  the  control  cjI  the  j)H  by  adding  conventional  acids, 
stich  as  mineral  acids  or  acetic  acid,  restdts  in  lormation  of  soluble 
salts  ol  magnesium  or  calcinm  in  the  lermented  beers,  which  cleleats 
the  j)nrpose  ol  decreasing  the  solnble  solids  content.  Likewise,  yeast 
jnolileration  is  slow  in  the  medium  containing  the  snlhtes.  iMoclifica- 
tions  were,  therelore,  made,  employing  massive  yeast  inocnlation 
and  continnons  control  ol  j)H  by  addition  ol  snllnr  dioxide  as 
recpiired.  In  a  meditim  containing  15  g  dextrose  and  60  g  mag¬ 
nesium  snlfite  tetrahydrate  per  100  ml,  with  j)H  adjnsted  to  6.5 
and  inocnlated  with  pressed  yeast  to  a  count  ol  150  million  cells 
jier  ml,  lermentation  was  vigorous  and  alter  72  hours,  the  glycerol 
yield  was  22%  ol  the  original  weight  ol  dextrose. 

based  on  the  laboratory  work,  a  prelerred  method  ol  operation 
is  as  lollows.  A  medium  is  jnepared,  containing  150  to  200  g  sugar 
(as  dextrose)  and  an  excess  ol  magnesium  snlhte  (e.g.,  200  g  of  the 
hydrate)  jjer  liter.  The  jiH  is  adjusted  to  6.5  by  addition  ol  snllnr 
dioxide  and  the  medinm  is  inoculated  witli  a  large  cpiantity  ol 
yeast  sufficient  to  give  a  count  ol  more  than  100  million  yeast  cells 
j^er  ml.  I'he  mixture  is  continnonsly  agitated  and  the  temperature 
maintained  at  50°  to  52°C:.  As  the  lermentation  proceeds,  acetalde¬ 
hyde  is  fixed  by  the  bisulfite  inesent  and  the  medinm  tends  to 
become  more  alkaline.  4'he  reaction  is  continuously  controlled  at 
pH  6.5  by  automatic  addition  ol  snllnr  dioxide  as  recpiired.  At  the 
end  ol  the  lermentation  period,  the  mash  is  filtered  or  c entrilnged 
to  remove  the  excess  ol  magnesium  snllite  and  the  ye.ist.  1  hesc 
may  be  reused  in  a  new  lermentation.  4’o  the  filtrate  a  magnesium 
hydroxide  slurry  is  added  in  excess  ol  the  amount  recpiired  to  make 
the  mixture  distinctly  alkaline.  4’he  volatile  substances,  acetalde¬ 
hyde  and  ethanol,  are  separated  and  recovered  Ironi  the  mixture  l)y 
distillation.  During  this  jnocess,  the  acetaldehyde-bisullite  comj)lex 
is  clecompcjsed  and  magnesinm  snllite  precipitated.  1  he  sulfite  is 
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filtered  Iroiii  the  liot  solution  and  there  remains  an  aqueous 
solution  containing  the  glycerol  and  relatively  small  amounts  ol 
solulde  salts.  I'he  solution  may  he  treated  to  recover  the  glycerol 
by  distillation  or  solvent  extraction,  or  may  be  relermented  to 
Increase  the  glycerol  content  by  adding  more  sugar,  sidfite  and  yeast 
l)elore  recovering  the  glycerol.  Since  most  ol  the  magnesium 
sulfite  and  yeast  are  recovered  lor  reuse,  the  j^rocess  should  have 
industrial  value. 

Application  lor  patent  was  made  and  a  patent  was  granted  to 
I*ulmer,  Uiulerkoller,  and  Hickey.'^  A  license  was  issuetl  to  a  com¬ 
mercial  lermentation  concern  with  the  jjlan  ol  conducting  pilot- 
plant  investigations  to  evaluate  the  practical  and  economic 
jx)ssibilities  ol  the  j>rocess  lor  industrial  exploitation.  It  was  planned 
to  use  high-test  molasses  as  a  lermentation  substrate,  but  about  that 
time,  imjiortation  ol  molasses  was  stopped  due  to  the  shipjjing 
shortages  ol  World  War  11.  I'his  commercial  concern  then  in¬ 


vestigated  the  jmssibility  ol  adapting  the  jnocess  to  malt-saccharified 
gram  mashes,  d'he  results  were  very  disajqiointing.  I’he  lermenta- 
tions  ol  filtrates  Irom  grain  mashes  saccharified  with  malt  were 

extiemely  sluggish  and  glycerol  yields  very  poor.  As  a  result  the 
license  agreement  was  cancelled. 


Subsequent  extensive  investigations  at  the  Iowa  State  College'*" 
disclosed  that  maltose  is  lermented  very  slowly  bv  yeast  in  "the 
presence  ol  sulfites  or  alkalis.  The  alkaline  lernientmion  medium 
employnig  sodium  carbonate,  media  containing  insoluble  mag¬ 
nesium  su  file  or  calcium  sulfite,  and  media  containing  soluble 
sodium  sulfite  or  ammonium  sulfite  all  gave  prolonged;  sluggish 
leimentatuins  when  maltose  was  the  carbohydrate  source.  Oifthe 
contiaiy,  glucose,  fructose,  and  sucrose  all  were  fermented  rapidly 
in  siimlai  media,  with  good  yields  ol  glycerol.  No  satislactorv 
explana.,,,,,  ot  ihc  al.nonnal  bel,avi,„  „f  .nal.ose  has  bee,,  loun 
Hit  ,t  may  be  related  t„  possible  dillereiKe  in  the  meclnnis,,, 
ei mentation  ol  tins  stigar.  Stark  ami  Soniogyian  have  renortetl  th  , 
iiialtose  ts  not  lennentetl  satislat  to,  ily  nnder  alk  ilLe  1 
hioin  the  extensive  expe, intent-, I  tvork  ,  (imtltttons. 

liiat  the  insohible-snilne  proces^  is  -tnnii  I  l‘"'’‘  """" 

'll  sohitions  containing  ghieose  '  i, u  Ls'e  ”  ’"emations 

favorable  raw  materi  il  othrv,-  hiv.  siiciosc.  i  he  most 

lie  high. test  molasses  which  his  aV”'l''^  iiiigars  wtmitl  iindoiibtedlv 

^""""ii's  of  nonlennentahk.  solids."'^" 
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However,  it  has  been  iouiid  that  acitl-hydroly/.ed  starch  maslies 
niight  also  be  a  satisfactory  substrate.  An  investigation  has  been 
made  at  the  Iowa  State  College  on  the  glycerol  lernientation  of 
mashes  prepared  by  acid  hydrolysis  of  corn  starch  and  of  the  starch 
slurry  residting  from  the  separation  of  gluten  from  wheat  flour 
for  the  manidacture  of  monosodium  glutamate.  The  starch  slurry, 
containing  ajjproximately  80  g  of  starch,  was  mixed  with  an  etpial 
volume  of  dilute  sulfuric  acid,  and  cooked  under  steam  pressure, 
with  contlitions  optimum  to  secure  maximum  production  of  fer¬ 
mentable  sugars.  The  acid  concentration,  temj)erature  ami  time  are 
interrelated  variables.  With  the  laboratciiy  equipment  available,  the 
optimum  conditions  chosen  lor  hydroly/ing  15%  starch  slurries  were 
heating  at  15  psi  steam  jnessure  for  4  hours  with  0.15  N  sulfuric 
acid.  In  commercial  practice,  of  (ourse,  higher  steam  pressures  lor 
shorter  jjeriods  would  be  preferable.  For  example,  Ruf,  Stark, 
Smith,  and  Allen'^*’  have  described  a  procedure  for  the  large-scale 


j)rej)aration  of  fermentation  mashes  by  acid  hydrolysis  of  grains. 
The  hydrolyzed  starch  mashes  were  fermented  in  the  laboratory, 
after  addition  of  20  g  per  100  ml  of  magnesium  sulfite  tetrahydrate 
and  massive  inocidation  with  yeast  to  give  at  least  150  million 
yeast  cells  per  ml.  The  fermentations  were  incubated  at  SO'C  and 
pH  was  controlled  at  the  optimum  value  of  6.5.  Glycerol  yields  were 
29%,  based  on  die  weight  of  the  original  starch  present. 


A  j^roccss  soiiicwlitit  siiiiilHr  to  that  ol  Fulnici,  Unclcrkoflei,  and 
Hickey  has  apparently  been  operated  successfully  on  molasses  in 
South  Africa.  According  to  Duchenne,”  a  21°  Brix  sirup  was 
fermented  for  5  days  at  35°C  with  S.  ellipsoideus  in  the  presence  of 
an  acid  slurry  of  calcium  sulfite  and  bisulfite  which  was  added  in 
increasing  amounts  and  with  continuous  slow  stirring  during  the 
fermentation.  The  calcium  sulfite  was  removed  l)y  settling,  the 
li(juor  neutralized  with  calcium  hydroxide  slurry,  filtered,  con¬ 
centrated  to  a  thick  sirup,  and  distilled  with  steam.  Yields  based  on 
the  weight  of  sugar  were  reimrted  as  9.8  to  18.4%  alcohol  and  1 0.1 
to  15.8%  refined  glycerol,  depending  on  the  amount  of  sulfite  used. 
The  necessary  sulfite  could  be  obtained  as  a  by-product  from  the 
iuice-purification  process  in  sulfitation  sugar  factories.  It  was  stated 
that  a  sugar  factorv  producing  8,000  tons  of  molasses  a  year  can 
manufacture  6  tons  of  glycerol  and  1,000  gal  of  alcohol  a  day  by  the 


process. 
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Recently,  it  has  been  discovered  that  certain  strains  ot  Bacillus 
subtilis  produce  appreciable  amounts  ol  glycerol.  Neish,  Blackwood, 
nnd  Ledingham^"'’^®  first  noted  the  production  of  glycerol  by  Ford  s 
strain  of  Bacillus  subtilis.  This  organism  jiioduced  various  j^roducts, 
depending  on  environmental  conditions,  including  besides  other 
minor  substances,  2,3-butanediol  and  acetoin,  glycerol,  ethanol, 
lactic  acid,  and  carbon  dioxide.  Under  anaerobic  conditions,  2,3- 
butanediol  and  glycerol  were  the  main  products  in  the  fermentation 
of  mashes  containing  3%  dextrose,  1%  Difco  yeast  extract  anti  \% 
calcium  carbonate  at  30°C  and  pH  6.2  to  6.8.  Under  these  con¬ 
ditions,  the  yields  of  the  two  major  products,  based  on  the  weight 
of  glucose,  were  28.2%  of  2,3-butanediol  and  20.4%  of  glycerol. 
1  he  authors  state:  “It  is  cjuite  probable  that  this  glycerol  fermenta¬ 
tion  may  be  of  industrial  importance  if  active  organisms  giving  high 
yields  are  obtained.  Although  the  fermentation  will  require  close 
control,  it  shoidd  be  more  satisfactory  than  glycerol  j^roduction 
from  yeast  using  the  sulfite  or  alkaline  juocess.” 


Latei,  Blackwood,  Neish,  Brcjwn  and  Ledingham-  investigated  a 
consideiable  number  ot  strains  of  Bacillus  subtilis,  esjiecially  study¬ 
ing  the  fermentation  characteristics  of  six  named  strains  and  twenty- 
seven  isolates.  The  medium  employed  contained,  per  liter,  50  g 
glucose,  5  g  Difco  yeast  extract,  0.5  g  monojxitassium  phosphate,  0.5 
g  dipotassium  jihosphate,  0.2  g  magnesium  sulfate  hydrate,  and  10 
g  calcium  carbonate.  The  medium  was  inoculated  with  7.5%  of  a 
24-hour  inoculum  grown  at  37°C.  Extreme  variations  in  the  yield 
of  the  various  products  were  obtained  with  the  different  strains 

\\  ith  s,m,e  strains,  u|,  ,o  8fi%  of  tl,e  gincose  was  fcnnentecl  in 
accoi dance  with  the  eejuation: 


3  >  2  CHa’CHOH’CHOH’CH.,  + 

2  CH/)H*CHOH*CHX)H  -f  4  CO„ 

X'a  »■'  weight,  of 

.^Ci<l  nKl  '■ -5%  lactic 

icicI,  ,nKl  28.1%  carlM.i  dioxide.  The  fermentations  were  run 

anae.ohically,  with  nitrogen  gas  Imlililed  throngl,  the  tnetli.nn 
I  he  fermentation  of  the  elucose  in 

cnniplete  in  8  .lays  at  .HTc!  concentration  was  99.5% 

^  Neish,  Lcdinghani,  and  Hlackwood-  obtained  a  patent  claiming 


268 


hi  dust  rid  I  Fermen  tati ons 


the  jJi'ocess  lor  ol)taining  glycerol  by  lennentation,  involving  inocu¬ 
lating  a  sterile  5%  solution  ol  sugar,  together  with  essential 
nutrients,  with  a  sj^ecial  strain  ol  />’.  subtilis  and  lerinenting  at 
87°C]  in  the  presence  ol  \%  calciinn  carl)onate  which  is  kept  in 
suspension  until  all  the  sugar  is  utilized.  Fermentation  products 
as  lb  jier  100  lb  ol  sugar  are:  glycerol,  29.4,  2,8-butanediol  28.1, 
lactic  acid  11.6,  ethanol  2.2,  lormic  acid  0.3,  and  carbon  dioxide 
36.4. 

By  comparison  with  the  sulfite  yeast  processes,  it  would  seem 
that  the  glycerol  yields  jjroduccd  by  the  bacteria  are  cjuite  similar. 
H  owever,  the  j)rinci}jal  by-j^roducts  are  2,3-butanediol,  lactic  acid, 
and  ethanol  from  the  bacterial  lennentation,  rather  than  acetalde¬ 
hyde  and  ethanol  from  the  yeast  process.  Before  the  process  could 
be  considered  for  industrial  use,  considerable  research  would  be 
necessary  to  develoj)  procedures  for  satisfactorily  fermenting  higher 
substrate  concentrations  in  reasonable  time.  Much  research  might 
be  retjuired  on  methods  for  recovering  and  separating  the  relatively 
non-volatile  compounds  jjroduced  in  large  amounts,  the  2,3-bu¬ 
tanediol  and  lactic  acid,  from  the  glycerol.  Markets  for  the  2,3- 
butanediol  would  also  be  necessary,  since  this  is  jiroduccd  in  an 
amount  almost  etpial  to  that  ol  the  glycerol. 


(X  )  M  P El '  m  V F  P  R ( ) ( : ESS ES 

As  has  been  mentioned  previously,  the  principal  commercial 
source  of  glycerol  has  always  been  soap  making  which  yields  glycerol 
as  a  by-product.  1  he  synthesis  ol  glycerol  Irom  the  petroleum  gas, 
propylene,  was  developed  on  the  pilot-plant  scale  by  Williams 
and  an  industrial  plant  emi>loying  the  jn-ocess  was  constructed  in 
1948.‘  Announcement  was  made  in  December  1950  that  it  was 
exjjected  to  expand  the  synthetic  jnocess  by  about  50%  during  1951, 
increasing  the  production  of  synthetic  glycerol  from  the  then 
estimated  35  million  lb  a  year  to  52  or  53  million  lb.  Total  annual 
production  of  glycerol  in  1949  in  the  United  States  was  about  194 
million  lb,  crude  basis,  exclusive  of  imjiorts.  Cilycerol  supplies  con¬ 
tinue  to  be  subnormal  despite  increased  by-product  recovery  in 
saponification  operations,  iiureased  synthesis,  and  greater  imports. 
Conditions  remain  favorable  for  introduction  ol  a  glycerol-fermenta¬ 
tion  process,  but  at  the  present  time,  there  is  apparently  little  or  no 
activity  in  this  field  by  industrial-fermentation  concerns. 
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CHAPTER  9 


COMMERCIAL  YEAST 
MANUFACTURE 

Roy  I  min 


The  an  of  piepaiiiig  yeast-lcavencci  bread  <loiigh  is  very 
ancient.  Its  origin  might  be  in  the  fact  that  a  mixture  of  grain 
nietd  and  water  is  likely  to  start  fermenting  if  let  stand  long  enough 
to  be  inoculated  with  wild  yeast.  The  fermentation  once  started 
piopagation  ami  preserviition  of  favorable  cultures  could  be  con- 
tniued  by  reserving  a  small  portion  of  tlougl,  to  initiate  fennenta- 
tion  in  the  next  batch.  .A  culture  maintenance  could  be  established 

1  he  term"’seum  r  ™"  8>ain  infusions, 

le  staitci.  relennig  to  pieces  of  old  dough,  fei  nieiitiiig 

water,  etc.,  was  known  to  our  grandmothers.  Ltuer  yeast  in 

a  11.01  e  torn  aura  t«l  lor...  was  tierived  as  byproduct  lion.  !he  dis- 

le  les.  I  he  excess  water  was  pressed  from  the  yeast  iiul  the 
pioilmt  was  sohl  to  nearhv  hikeiies  \|.  ^ 

■natle  to  uiilire  waste  yeast  Lon.  hrateries  I,  1^1'"'''"^  " 

die  results  were  not  generally  acceptable  P'liposes,  but 

■hikers'  compressetl  yeast  at  first  was  mostly  a  by-pro.lnct  of 
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the  tlistilleries  where  tlie  main  interest  lay  in  ak:oh()l  or  vinegar 
production.  I’here  were,  however,  some  early  etiorts  in  this  country 
to  imjirove  yeast-making  methods.  l'erry“'“  in  a  patent  issued  in 
1869  claimetl  the  use  oi  a  grain  mash  soured  by  lactic,  acid  iermenta- 
tion  as  a  yeast  propagation  medium.  A  patent  to  Fleischmamr''' 
in  1876  describetl  a  grain  mash  and  gave  details  ior  carrying  out  the 
“skimming”  or  Vienna  process  of  yeast  making.  Fleischmann 
inoculated  his  wort  with  brewers’  yeast  to  start  fermentation.  Levy'*’ 
modified  the  Vienna  process  by  adding  fresh  mash  as  the  fermenta¬ 
tion  weakened,  an  improvement  later  developed  into  the  “/ulaul” 
procedure.  Rainer®^  in  1879  patented  the  separate  feeding  of  sugar 
and  nitrogenous  materials  to  the  lermentor,  the  use  ol  dilute 
solutions,  and  a  continuous  method  ol  operation  lor  the  })roduction 
of  yeast  Avithut  ap[>reciable  alcohol  formation. 

.\  tyjjical  procedure’*'  lor  making  baker’s  yeast  according  to 
the  Vienna  or  skimming  method  was  as  follows:  .V  mash  of  50% 
corn,  '50%  rye,  and  20%  malt  (for  saccharifying)  Avas  prei)ared  and 
from  it  a  Avort  of  about  10  to  11“  on  the  Balling  saccharometer  scale 


was  obtained.  This  Avas  fermented  for  about  98  hours  Avithout 
cooling  or  aeration,  at  Avhich  time,  the  saccharometer  shoAved  about 
1“.  At  20  hours,  hoAvever,  the  yeast  had  risen  to  the  top  ol  the  ter- 
mentor  as  a  foamy  mass  and  Avas  considered  “ripe  and  ready  foi 
skimming.  It  Avas  i)assed  through  silk  screens  to  remove  grain  solids, 
diluted  with  water,  and  allowed  to  settle.  After  three  or  four 
washings  made  in  a  similar  manner  and  a  total  washing  period  ol 
20  to  24  hours,  the  settled  yeast  Avas  collectetl  and  pressed.  1  he  yield 
was  I  1.5  to  12.5%,  based  on  the  (piantity  of  dry  grain  taken  lor  the 
mash  Alcohol  recovered  after  48  hours  of  total  fermentation  time 
amounted  to  approximately  15  qt,  100“  proof  per  bushel  ol  gram. 

Muspratt’s  handbook,^'’  1915,  is  the  authority  lor  the  following 
observations  on  the  transition  from  the  older  to  the  more  modern 
yeast-manufacturing  methods.  Aeration  of  the  nutrient  medium 
for  growing  yeast  was  established  at  Rainer’s  time,  1879,  and  was. 
covered  by  a  patent  to  Marqiiardt  in  that  year.  It  made  little 
advancement  in  Germany  until  1889,  but  Avas  employed  earlier  m 
England,  .Sweden,  and  Denmark.  Its  most  successful  application., 
however,  was  not  attained  until  the  souring  ol  mashes  with  a  lactic 
acid  ferment  was  developed.  The  yield  ol  pressed 
increased  from  the  12  to  D5%  of  the  old  Vienna  process  to  18  tc 
22%  l)y  the  new  process  of  aeration.  Braasch  in  19(  iinpiovcc 
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production  methods  by  using  low  seeding,  low  temperature,  longer 
times,  and  limiting  alcohol  lormation  during  lermentation.  He 
attained  yields  of  30  to  35%.  AVdiile  Braasch’s  yields  were  considered 
high,  his  low  dilutions  during  lermentation,  2  to  3°  Balling  at  the 
s^art,  called  lor  the  use  of  more  water  and  air.  These  facts,  together 
with  a  loss  in  alcohol  yield,  must  have  been  considered  as  un¬ 
favorable.  In  1915,  a  yield  of  90%  jjressetl  yeast  was  considered 
(|uite  satisfactory  in  Germany.  Higher  yields  were  not  wanted, 
because  a  favorable  jjrice  for  alcohol  jjrevailcd  and  made  the  dual- 
purpose  lermentation  (juite  economical. 

Muspratt’s  handbook  states  further  that  distillers’  slop  was  used, 
to  some  extent,  in  yeast  growing.  The  possible  need  for  mineral 
salts  when  yeast  yields  were  increased  was  observed,  and  molasses 
was  used  as  a  nutrient  medium,  esjx'cially  in  Austria  and  Hungary. 
Mixed  mashes  of  molasses  and  malt  sprouts  were  subjected  to  a 
lactic  acid  fermentation  in  the  prejjaration  of  worts  for  veast  growth, 
ft  was  lecognizcd  that  yields  and  cjuality  of  yeast  Avere  dependent  on 
strain  characteristics  to  a  considerable  extent.  Numerous  other 
factors,  including  growth  conditions  and  the  influence  of  natural 
food  materials  and  pure  chemical  comj)ounds  on  yeast  propagation, 
also  were  investigated. 


In  ihe  llnitwl  States,  the  niamilacttire  of  yeast  lor  baking  is 

Innitetl  to  a  lather  small  number  of  eonipanies  with  veast  usuallv 

as  the  sole  or  |,rin<i|,al  protltiet.  The  simultaneous  protitutiou  ol 

alcohol  anti  yeast  is  not  profitable  uutler  present  economic  coti- 

t  itmns,  since  m  this  country,  roni|,elition  is  tpiite  keen  in  both  the 

yeast  ami  tlistilling  imltistries  anti  the  types  of  raw  materials,  plant 

orations,  ami  other  economic  ronsitleratitins  usually  favor  the 

sepaiation  ol  the  two  imlnstries.  It  is  true  that  some  American 

yeast  coniiianies  <levelo|ietl  from  breweries  or  tlistilleries,  but  all 

now  operate  on  the  same  basis  in  regartl  to  raw  materials  genera 

plan  metitotls,  ami  types  of  yeast  protiucetl.  The  yeast  btisiness  i 

small  1.1  coniparison  to  many  other  imlnstries,  but  is  highly  essential 
as  can  be  readily  understood.  ^  ^  sential 

In  1999,  according  to  the  Ff-rffs.-ii  i  /-• 

209,000, 000  lb  of  yeast  were  sold  to  b-.k  •  ^'i^  ^^«"i»iission,  over 

. . . .  were  inireliasetl  l,v  .1,  '  ‘ ^ 

"(aking  bread  for  the  armetl  hmees'"  T'smnlle'"’ 

.  ■'  '•'"■iller  a.not.nt  was  also 


;''l<l  H-c  retail  market  for  hotne  hakii'ig.  1  I'l 

(.ommerce""  reported  the  following  comirirui, 

"'b  ^^oinpaiative  figures  whi 


ol 

hie  h 
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indicale  the  growth  ol  the  yeast  industry  during  the  period  1989-47. 
In  1939,  2 1 9, 364, ()()()  lb  ol  yeast  were  inauidactured  with  a  value  of 
.‘$16,418,000  and  in  1947,  the  estimates  were  270,104,000  lb  valued  at 
.'$43,884,000.  In  the  1947  production  figure,  however,  was  included 
active  tlry  yeast  calculated  on  the  l)asis  of  1  11)  of  dry  yeast  being 
etpiivalent  to  2  lb  of  compressed  yeast.  .Since  considerable  active  dry 
yeast  was  made  in  1947,  it  is  evident  that  the  figure  of  270,104,000 
lb  does  not  rej^resent  total  ecjiuvalent  of  pressed  yeast  jjroduction. 


RAW  NfATERIALS  AND  IHEIR  PREPARA  HON 
In  the  United  States,  yeast-making  methods  have  tended  to 
become  standardized  within  certain  limits.  The  use  ol  cheaj)  raw 
materials,  like  molasses  and  inorganic  yeast  nutrients,  the  employ¬ 
ment  of  aeration,  the  leed-in  or  “Zidaid”  system,  suitable  yeast 
strains,  and  pure-cidture  methods  have  been  adopted  by  all  success¬ 
ful  manufacturers  for  economic  reasons.  About  the  beginning  of 
this  century,  however,  when  improvements  over  the  old  Vienna 
method  were  made,  various  ra^v  materials  lor  yeast  growing  were 
investigated.  Netv  sources  ol  carbon  and  nitrogen  for  yeast-cell 
growth  were  souglit  and  there  was  considerable  controversy  as  to 
the  availability  to  yeast  of  the  carbon  in  nonsugar  organic  com¬ 
pounds,  like  organic  acids  and  alcohol,  and  tite  relative  merits  of 
organic  and  inorganic  nitrogen  sources.  In  this  earlier  work,  in¬ 
formation  on  the  essential  growth  lactors  for  yeast  was  lacking  and, 
as  a  consetjuence,  erroneous  and  conllicting  conclusions  often  were 
formed  on  tlie  value  of  new  and  clieajier  raw  materials. 


\Vh)rld  War  I  brought  high  grain  prices  and  forced  yeast  makers 
to  use  more  mohesses  as  a  source  of  sugar.  In  Germany,  Claassen 
was  much  concernetl  with  wliat  he  considered  the  inadequacy  of  an 
all  molasses-salts  mash  and  patented'^  a  proce.ss  for  making  yeast 
from  molasses  tliat  called  for  varying  amounts  of  organic  nitrogen, 
derived  from  malt  and  malt  sprouts  and  inorganic  nitrogen,  each 
added  in  successive  stages  ol  yeast  j)ropagation.  A  patent  in  1930 
to  P,ratton,‘^  in  which  the  use  of  a  setting  wort,  high  in  assimilable 
proteins,  followed  by  a  feetl  wort,  high  in  sugar,  was  claimed,  was 
based  on  a  similar  conception  of  the  need  for  more  organic  nitrogen 
than  molasses  contains,  d  hough  Uayduck  claimed,  m  his  various 
patents,  successful  results  with  the  mineral  salts-molasses  process, 
the  industry  was  slow  to  eliminate  supplementary  sources  of  organic 
oitrooen.  With  newer  knowledge  and  prevailing  high  prices  loi 
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grains,  yeast  makers,  liowever,  Jiave  now  learned  how  to  ]jrodiice 
good  )east  Iroin  relatively  inexj^ensive  raw  materials,  such  as  beet 
and  cane  molasses  and  inorganic  compounds. 

IJeet  and  cane  molasses  contain  about  50%  sugar  with  a 
'Variation  ol  a  lew  jjercent  abcjve  or  behjw  this  level.  Ralhnc^e,  in 
varying  amounts,  occurs  in  beet  molasses  and  is  not  readily  utilized 
by  yeast.  A  distinction  is  made  between  “total”  and  “lernientable” 
sugar  and  the  dillerence  may  amount  to  several  jjcrcent,  dej^ending 
on  how  each  type  is  determined,  d’he  yield  ol  yeast,  moreover,  is  not 
always  closely  related  to  the  sugar  content  ol  the  molasses,  indicat¬ 
ing  a  variation  in  growth  lactors  or  trace  elements  which  inlhience 
yeast  growth  indejjendently  ol  the  sugar. 

Both  cane  and  beet  molasses  supjjly  not  only  sugar,  but  also 
othei  yeast  nutiients.  Beet  molasses  is  higher  in  nitrogenous  com¬ 
pounds  than  cane  molasses  and  also  contains  an  adecjuate  sujiply  cjl 
jiotassium.  Both  vary  in  composition  according  to  their  sotirce;  beet 
molasses  horn  the  central  states  is  higher  in  nitrogen  than  that  Irom 
the  irrigated  lands  in  the  western  states,  and  cane  molasses  also 
exhibits  regional  inlluences.  Refiners’  blackstrap,  a  bv-product  ol 
sugar  refineries,  is  especially  desirable  because  it  contains  less 
gummy  material  than  sugar-house  blackstraji  and  is  conseciuently 

”i»lasses  gives  very  little  filtration 
difficulties,  \east  makers  prefer  beet  to  cane  molasses,  or  a  mixture 
o  the  two,  to  cane  alone.  Since  molasses  is  the  principal  raw 
mateiial  in  bakers’  yeast  manufacture,  price  considerations  de- 
cimine  the  tyjie  ol  molasses  employed  to  a  large  degree 

Although  beet  molasses  is  higher  in  niti-ogenous  substances 
Ilian  cane,  the  second  is  richer  in  certahi  growth  lactors  which  are 
-  P-ducing  good  yields  ol  yeast.  The  lollowing  dat . 
icpoited  by  Rogers  and  Mickelson.-  show  the  relative  (urmtities 
ol  a  nnmber  ol  vitannns  in  the  two  kinds  ol  molasses. 


Microgyams  per  Gram  Molasses 


•  aiuotlicnic  I'vro- 

^’kotinic  acici  Folir  \  • 

Niiamin  flavin  -uia  /r-  c  ,  doxine 

Bvel  Mnlasscs  |.‘?  o  ^,  1,,,  Ta  Salt)  and  (asHCI)  liioii,, 

Cane  Hlackstrap  S.3  2.5  2M)  n, ' ^  O  On.'t 

-'  •1  ().()38  r,  1^, 


Except  for  nicotinic  and  loli 
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so-callcd  “high-test”  cane  molasses,  though  relatively  higher  in  sugar 
than  blackstrap,  is  lower  in  ash  and  growth-promoting  substances. 

I'he  total  nitrogen  ol  beet  molasses  amounts  to  about  2%  or 
less.  Cdaassen  believed  that  50%  oi  the  nitrogen  was  assimilable  by 
yeast,  while  W^endel  held  that  28%  anti  Rellner  suggestetl  that  (if)% 
was  available.’’'  Betaine,  which  occurs  in  considerable  amount  in 
beet  molasses,  was  ctjiisitlered  by  Claassen  to  be  only  slightly  assimi¬ 
lated  by  yeast.  In  practice,  the  yeast  maker  can  assume  that  around 
0.3  to  0.6%  ol  raw  beet  molasses  is  available  nitrogen  anti  can 
make  his  calcidation  accortlingly.  The  exact  figure  will  be  de- 
terminetl  by  exj^erience. 

Most  fermentable  carbohytlrates  ct)idtl  conceivably  be  employed 
lor  yeast  propagation  and  many  diverse  sugar-containing  jn'oducts 


have  been  used  lor  the  purpose,  or  such  application  has  been  sug¬ 
gested  in  the  literature.  Not  many  ol  them,  however,  are  ol  in¬ 
dustrial  imjxn  tance.  Sugar  frtmi  grains,  potatoes,  etc.,  can  no  longer 
ct)mpete  with  cheaper  molasses.  One  possible  excejJtion  is  corn 
molasses,  or  hytlrol,  a  by-prt)tluct  ol  corn  jnocessing  jdants.  It  has 
the  disadvantage  ol  a  high  content  ol  sodium  chloride  (around  5 
tt)  6%)  and  is  comparatively  poor  in  yeast-growth  lactors. 

In  modern  practice,  the  principal  sources  ol  nitrogen  lor  yeast 
growth  are  the  assimilable  nitrogenous  compounds  in  molasses  and 
inorganic  ammonium  comjiounds.  Ciorn  steep-water  concentiate  is 
also  frequently  emjdoyed  as  a  supjjlier  ol  nitrogen.  In  addition  to 
available  lutrogen,  steej)  water  lurnishes  valuable  salts  and  growth 
stimulants.  Many  other  substances  have  been  mentioned  in  the 
literature,  or  claimed  in  patents,  as  yielding  yeast-assiimlablc 
nitrogen,  .\mong  the  products  covered  l)y  patents  are  hydroly/ed 
packing-house  by-products,  sm  h  as  keratin,  elastm.  and  collagen;’ 
urea  as  a  substitute  lor  ammonium  comijounds;-”  vegetable  proteins 
peptonized  with  the  proteases  ol  bacteria;-  carbamide;^  Stellen.s 
waste  water;^’’  distillery  slops;-  hydrolysates  prepared  by  the  acid 
diitestion  ol  such  substances  as  leguminous  flours,  oil  cakes,  seeds, 
bran,  dried  yeast,  casein,  meat  meal,  and  fibroin;’'^  urea  plus 
sotirce  ol  tirease,  such  as  soybean  meal;’’'^>  and  the  ureic  es  ol  glucose^ 
nrdtose  etc.’”  This  list  does  not  at  all  cover  the. held  ol  suggestecH 
niU-ogei’t  sources,  but  it  does  indicate  the  wide  variety  of  prod^ 
employed,  liefore  molasses  came  into  general  use,  giain  mas  ■ 
supple, nentai  wici,  uu.ll  ..ul  ,nal,  sp.outs,  supplied 
nitTOgeu  loi-  yeast.  Now  amuioiuuiu  eouipouuds,  suth  as 
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or  phospliatc,  and  aqua  aninionia  arc  the  prelcrred  sources,  tlie 
{piautity  taken  lor  luashing  and  lernienting  I)eing  ealcidated  to 
supply  the  deficiency  ol  assimilable  nitrogen  in  the  other  mash 
^naterials.  Control  ol  pH  during  lermentation  can  be  eliected  also 
by  the  projicr  ratio  ol  ammonium  sullate  or  phosphate  to  ammonia. 

Claassen’'"  reported  that  the  assimilation  ol  ammonia  nitrogen 
by  yeast  is  dependent  on  the  reaction  ol  the  nutrient  medium,  stat¬ 
ing  that  at  low  acidity,  90.5%  ol  the  ammonium  radical  is  utilized, 
while  only  70.6%  at  high  acidity.  Wohl**'^  quoted  W'^endel  to  the 
effect  that  a  low  level  of  nitrogen  in  the  medium  limits  both  the 
yield  of  yeast  and  the  cjuantity  ol  nitrcjgen  in  the  yeast  itself,  but 
that  above  a  certain  level,  the  yield  remains  constant  while  the 
jjercentage  ol  nitrogen  in  the  yeast  cells  increases.  Fidnier,^’'  work¬ 
ing  with  synthetic  media,  concluded  that  the  pH  ol  the  solutions  was 
not  a  factor  in  the  effectiveness  of  the  ammonium  ion  cjii  yeast 
growth,  but  that  temperature  was  ol  significance.  He  offered  the 
following  equation  as  showing  the  influence  of  temjjerature  on 
the  quantity  ol  ammonium  chlcnide  recpiired  for  maximum  yeast 
growth: 


Xorniality  of  XH/'.l  for  iiiaximuin  growth  =  ().()()()57/  -f-  O.OlTh 

where  t  =  temjjerature.  Fulmer  also  stated  that  the  anion  of  the 
ammonium  comjjounds  was  not  important.  In  commercial  j^ractice, 
however,  it  is  customary  to  supply  only  sufficient  ammonia  in  one 

form  or  the  other  to  produce  the  nitrogen  level  desired  in  the 
finished  yeast. 

Pliosjihorus  is  as  essential  lor  normal  yeast  activity  and  growth 
as  nitrogen,  and  is  partly  supplied  as  phosphoric  acid  or  iis  salts 
Che  <iuaiit.ty  (lepemliiis  „ti  ihe  I'.O,  level  desired  in  the  linished 
yeast  and  the  annnnu  avaihihle  in  the  other  raw  inateiials  A 
snpplen.ent  ol  the  alkaline  earths,  ealrhnn  a.nl  tnagneshnn,  nniy 
he  ativ.sahle  where  the  water  an<l  raw  materials  are  abnonnally 
low  ,n  these  elements.  Potassitnn  is  nsnally  present  in  sttIHcient 
<|namity  ni  most  molasses  mashes.  Williams"''  employed  in 
synthetic  medunn  lor  yeast,  in  adrlition  to  ihe  onlinary  elements' 
n.trogen,  oxygen,  phosphorirs,  carbon,  potassinm,  magnesium' 
alcmm,  sedlur  and  chlorine,  the  following  trace  elements:  thallium’ 
manganese,  horoti,  iron,  copper  anil  iotline. 

When  only  grain  malerials  were  used  lor  making  bakers'  veast 
-on  was  prepared  by  saccharifying  the  cooked  grams  with  dtliS 
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dry  or  green  (not  dried)  malt.  It  was  common  j)rattice  to  add  malt 
sj:)ronts  to  the  mash  bill,  the  sjnonts  siijjplying  valuable  assimilable 
nitiogen  and  growth  stimulants  as  well  as  a  good  filtering  bed  in 
the  lautei  ttd).  Alter  the  heavy  wort  drained  ofl,  sjjarging  with  hot 
water  was  started  and  continued  until  the  effluent  was  practically 
flee  fiom  dissolv'ed  solids.  The  spargings  were  frecjuently  used  to 
set  the  lermentor  and  the  heavy  wort  added  later,  if  the  feeding-in 
j^rocess  was  followed.  By  the  time  high  dilutions  and  aeration  were 
adojjted,  souring  of  the  mash  before  filtration  with  a  lactic  (or¬ 
ganism,  such  as  L.  delbruckii  at  a  temjoerature  of  around  5()°CJ,  was 
the  usual  practice.  At  a  later  date,  molasses  was  added  to  the  mash 
before  souring  and  the  excess  acid  was  neutralized  with  ammonia, 
permitting  the  lactic  acid  organism  to  continue  to  function  and  not 
be  killed  by  its  cown  by-product. 

In  modern  practice,  wort  is  usually  made  by  dilution  of  molasses 
with  water,  acidifying,  heating,  and  filtering.  Sulfuric  acid,  phos¬ 
phoric  acid,  stiperjohosjohate,  and  ammonium  salts  are  some  of  the 
common  chemicals  employed  in  the  mash  pre}jaration.  T  he  choice 
of  treating  chemicals,  dilution,  pH,  time  and  degree  of  heating, 
depend  on  the  kind  of  molasses  tised  and  on  working  conditions  in 
the  jjlaiit.  If  for  example,  the  treated  mash  is  clarified  by  settling 
and  the  finished  wort  decanted,  superphosphate  can  be  employed 
to  advantage.  Beet-molasses  mashes  are  clarified  fairly  well  by 
centrifuging,  which  is  less  satisfactory  for  cane  mashes.  Filters  of 
the  plate  and  frame  variety  or  of  the  Sweetland  type,  are  particularly 
suited  to  molasses  clarification  when  used  with  filtration  aids  like 
hlter  cell.  T  he  clarified  wort  is  usually  stored  hot  to  avoid  in¬ 
fection.  Wooden  tubs  are  well  adapted  to  mashing  and  wort  storage, 
though  subject  to  higher  maintenance  cost  than  metal  tanks.  Steel 
tanks  are  unsuitable  because  of  the  corrosive  action  on  iron  of  the 
hot  and  slightly  acid  wort. 

Beet  molasses  may  frecpiently  be  high  in  sulfite  which  can  be 
reduced  in  cpiantity  by  aeration  of  the  diluted  and  acidified  molasses 
wort  at  elevated  temperatures.  T  hough  growing  yeast  can  tolerate 
a  certain  amount  of  sulfite  comjiounds,  excess  cjuantities  aie  haim- 
fid.  (Taassen  believed  that  sulfur  dioxide  in  the  raw  molasses 


was  not  harmful  to  either  yeast  yield  or  cpiality. 

Improvement  in  molasses  defecaiion  has  been  given  consiciei .ibk 
attention  by  yeast  technologists.  Bennet  and  Peake’  made  a  molasses 
mash  containing  1.5%  ground  nut  cake  and.  after  filtration,  added 
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Laniiin  and  rcfiltercd.  WoliP^”  jjatentcd  a  piott'ss  loi  claiilying  and 
sterilizing  molasses  in  the  cold  by  the  use  ol  mineral  acids.  Cot  by, 
Scales,  and  Bnhrig-^  first  made  alkaline  a  diluted  cane-molasses 
solution,  then  nearly  neutralized  with  j>hosphoric  acid,  and  finally 
heated  and  filtered  the  treated  mash.  Another  modification®® 
called  lor  dilution  ol  beet  molasses  and  treatment  with  a  soluble 
alkali  silicate  followed  by  addition  ol  a  base  from  the  alkaline-earth 
group  to  form  a  coarse  precipitate.  Hoftman,  Frey,  and  Hildc- 
brandt®"  also  employed  silicates  to  clarily  cane  molasses  on  the 
alkaline  side  and  in  one  variation  of  this  process,  first  treated  the 
wort  with  ammonia  and  gelatin  and  then  with  silicates.  Roth®* 
claimed  improvement  over  the  customary  hot-acid  treatment  of 
diluted  molasses  by  following  the  first  treatment  and  filtration  by 
lin  ther  dilution,  acid  additions,  and  agitation  to  coagulate  colloidal 
substances  iK)t  removed  by  the  first  operation.  I'he  same  theory  as 
to  the  value  of  a  double  dilution  was  the  liasis  of  a  patent  to 
Steinacker*®®  who  worked  with  the  centrifuge.  He  clarified  molasses 
first  at  -10°  to  50°  Hailing  and  then  at  15°  to  20°  and  claimed  that 
some  substances  soluble  at  the  higher  wort  concentrations  were 
made  insolufile  by  the  second  dilution.  Clarifications  by  jnecipi- 
tating  calcium  sulfate  in  the  molasses  wort  was  the  subject  of  a 
frennan  patent.'*®  Huhrig  and  Harff,*’  working  with  cane-molasses 
worts,  preferred  acid  treatment  (pH  1  to  fi)  to  the  alkaline  reaction 
and  after  diluting  to  .H0°  to  50°  Hailing,  heated  their  wort  under  10 
lb  pressure  for  .80  minutes.  A  clear  solution  was  said  to  be  obtained 
I)y  settling  and  decanting  after  10  to  12  hours.  Mead*®  clarified  cane 
molasses  with  pyroidiosphate.  Bleaching  of  a  diluted  and  acidulated 
mola.sses  by  direct  current  at  a  density  of  one  ampere  per  square  foot 
tvas  jiatented  by  Thompson  and  Hinchley.*®® 


ITfRE-ClTLTURE  MAIN!  EN.VNCE 

r.«ause  of  the  high  t|uality  atitl  unil„ntiity  notv  dentamletl  in 
hakcis  yeast,  tt  ts  nnpetative  t<,  select  stiitahle  cttittttes  of  .S 
cncvmne  ttnti  .naintttin  thent  in  a  pnte  eotnlitiott  lor  ntttkittg  seed 
least  A|,pto|ntate  lahoratory  etpiiptitent  and  trained  persottnel 
itntst  he  ava.Iahle  to  assnre  that  the  startitig  inocniu.n  for  the  plant 
pute.ct,ltnte  depart, nent  is  on  hat.cl  when  needed.  It  is  c.tstonrtrv 
h>t  the  laboratory  to  carry  the  selected  ettitttre  ot,  solid  |ic„‘,i,i 
n,«l.a  ami  to  make  tra.tsfers  to  sttitahle  Masks  which  eatt  in  turn 
tsed  lot  asepttc  tnocnlation  of  the  pttre-cnltttre  apparattts 
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For  the  isolation  ol  single  yeast  cells  to  start  new  j)ure  cultures, 
Prescott  and  Dunn”’  mention  the  lollowing  methods:  According  to 
the  Hansen  procedure,  a  dilute  suspension  ol  yeast  in  gelatin  is 
sjjiead  on  a  ruled  cover  slide  which  is  inverted  over  a  moist 
chamber.  Single  cells  are  located  with  the  microscope  and  colonies 
tleveloped  Irom  them  are  later  j>icked  to  start  growth  in  culture 
tubes.  Lindner’s  hanging-drop  method  is  similar  except  that 
individual  droplets  ol  a  tlilute  yeast  susjjension  in  liquid  medium 
are  placed  on  a  cover  glass  helore  it  is  inverted  over  the  moist 
chamber.  Picking  colonies  Irom  agar  j>lates  is  a  third  working 
method,  hut  it  is  less  reliable  because  any  given  colony  may  have 
started  Irom  more  than  one  yeast  cell.  A  lourth  and  cjuite  satis¬ 
factory  technique  is  the  micromanijjidator  jjrocedure  by  which  any 
cell  seen  under  the  microscope  can  be  isolated  and  at  once  jjlaced 
in  nutrient  medium  for  develoj^ment.  F’or  the  identification  and 
characterization  of  strains  of  S.  cerevisiae,  useful  criteria  are  cell  size 
and  shape,  apjjearance  of  giant  colonies,  budding  and  spore-forming 
characteristics,  and  the  ability  to  ferment  various  sugars.  Yeast 
strains  suitable  tor  bread  making,  however,  cannot  be  properly 
evaluated  without  actual  baking  tests. 

Nutrient  media  and  conditions  for  carrying  pure  cultures  in 
the  laboratory  probably  vary  from  plant  to  plant.  According  to  one 
patented  culturing  method,”’  improvement  is  claimed  by  not  allow¬ 
ing  the  yeast  to  exhaust  the  sugar  of  the  medium  and  be  subjected 
to  a  high  alcohol  concentration.  Frequent  transfers  from  only 
partially  fermented  culture  tubes  are  said  to  produce  superior  seed 
yeast.  Fabian  and  Wickerham®’  found  that  certain  characteristics  of 
some  yeasts  are  less  stable  when  they  are  cultured  in  cider  and  malt 
extract  than  when  they  are  grown  in  synthetic  media.  1  Ins  ob¬ 
servation  might  be  of  interest  to  yeast  manufacturers,  since  malt 
siruj)  is  fretpiently  employed  as  a  yeast-culturing  medium. 

Final  propagation  by  the  laboratory  of  the  chosen  yeast  strain 
is  made  in  a  Pasteur  Mask,  or  some  modification  ol  it,  the  selected 
llask  usually  having  a  delivery  tube  that  can  be  asejitically  attached 
to  the  first  unit  of  the  plant  pure-culture  station.  'Freatment  ol 
the  connecting  surfaces  of  the  etpiipnient  at  the  time  ol  inoculation 
with  alcohol  or  by  naming  is  good  iiractice. 
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CON T\ ^ 1 1 N A  r  J ON  P RO P>Lli  A 1 S 

The  cultivation  of  inicroorganisiiis  on  a  large  scale  is  beset 
with  many  contamination  problems  and  yeast  manulacture  is  no 
exception.  Fortunately,  however,  yeast  is  a  hardy  and  last-growing 
organism  and  will  tolerate  measures  that  cannot  be  applied  to  the 
propagation  of  certain  other  fungi  or  bacteria.  Yeasts  are  not 
injured  seriously  by  amounts  of  chlorine  that  would  kill  bacteria 
59.05  ^'PPstand  relatively  high  acidities.  Yeast  cream  from 

the  separator  can  be  dosed  with  mineral  acids  of  pH  2  to  3  for  the 
j)urpose  of  inhibiting  bacterial  growth  if  the  time  of  treatment  is 
not  too  long.  It  is  well  known  that  yeast  will  grow  satisfactorily  in 
the  pH  range  4  to  5,  and  this  is  usually  taken  advantage  of  in  the 
factory  to  prevent  development  of  bacteria.  In  general,  spore¬ 
forming  bacteria  are  no  jnoblem  because  they,  as  most  other 
bacteria,  fail  to  grow'  in  the  slightly  acid  fermentor  litpiid.  Most 
molds  and  other  lungi  also  find  fermentor  conditions  unfavorable 
for  development  and  are  easily  destroyed  by  the  steaming  of  lines 
and  other  equijmient.  Certain  wild  yeasts  and  fungi  closely  related 
to  the  yeasts,  how'ever,  may  be  a  menace  because  their  optimum 
growth  conditions  coincide  with  those  for  cultivated  yeast.  Their 
development  may  even  exceed  that  of  the  commercial  yeast.  Monilia, 
Oidium,  and  the  so-called  mycoderma  can  be  troublesome  if  allowed 
to  get  a  stait.  With  adequate  j)ure-culture  equipment,  careful 
control,  and  daily  sterilization  of  plant  lines,  tanks,  and  fermentors, 
contamination  wdth  such  organisms  rarely  occurs. 

In  the  jjast,  various  proposals  have  been  made  for  the  elimina- 
l.on  „l  l,>rdgn  oigai.isnis  in  llie  Icnneruor  by  tl,e  application  ol 
antiseptics,  hit, om“  act  litnatetl  yeast  cnltnies  to  salicylic,  picric,  and 
li)t  loilnoiic  acids.  He  also  worked  with  lorniakleliyde.  Haytltick" 
atidetl  lorinaldeliyde  or  lorinic  acid  to  the  teed  wort  to  control 
infection  and  claimed  that  on  dihititin  of  the  feed  wort  in  the 

eniT'r,’'’  '  “'’‘'*''1'““  in  a  concentration  high 

enough  to  in  jin  e  the  growing  yeast.  ” 

In  a  well-operated  yeast  plan,,  all  vessels  and  lines  with  which 
ycip  and  niitrient  wort  come  in  contatt  are  kept  ten  it 
t  etergeiits  where  necessary,  aiitl  are  steamed  tiaily  or  hetl;",;  inn 

anil  ...hs  wort.holding  lank.s; 

idd  '•‘■<apahie  of  Withstand:;: 
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pressure  in  order  lliat  it  and  its  charge  ol  starting  wort  can  be 
thoroughly  sterilized  belore  cooling  and  inoculation.  For  aeration, 
sterile  air  must  be  supplied  to  the  pure-culture  vessels  and  well 
hltered  air,  to  the  lernientors.  Hot  solutions  of  detergents  under 
good  pressure  are  usetul  tor  hosing  out  tanks  and  fernientors.  Auto¬ 
matic  spraying  devices  have  been  used  to  clean  the  interior  of  fer- 
mentors.  Yeast  separators  must  be  taken  apart  daily  and  hand 
cleanetl.  (doths  Irom  the  yeast  presses  can  be  conveniently  cleaned 
with  detergents  in  the  ortlinary  laundry  wheel,  and  the  final  wash 
water  should  contain  a  suitable  antiseptic.  I’he  cloth-drying  room 
should  be  supjilied  with  filtered  air  and  the  dried  press  cloths  should 
not  be  allowed  to  become  contaminated  with  mold  spores. 

Air-borne  contamination,  especially  that  due  to  mold  spores, 
becomes  an  increasing  problem  after  the  yeast  is  jjassed  through  the 
separators.  Ciootl  sanitation  in  the  press  room  and  the  yeast  cutting 
and  packaging  departments  must  be  rigidly  observed,  because  in 
these  jjlaces,  solid  yeast  is  exjjosed  to  the  air  and  many  molds  will 
grow  readily  on  the  surface  of  a  yeast  cake.  I  hese  departments 
must  have  clean  air,  clean  walls  and  floors.  Daily  washing  of 
yeast  mixing  and  extruding  machines,  trucks,  etc.,  is  in  order. 
Spraying  of  walls  and  floors  of  jness  and  cutting  rooms  with 
antiseptic  solutions  and  the  application  of  ultraviolet  irradiation 
are  also  useful  means  for  avoiding  unwanted  infections. 

T  he  imjiortance  of  a  well-ecjuipjKxl  bacteriological  laboratory 
for  good  jjlant  sanitation  does  not  need  emphasis.  Fretiuent  checks 
lor  sterility  in  process  water,  leed  worts  and  plant  ec|uipment,  (lose 
insj)ection  (jf  the  yeast  in  all  stages  of  mamdacture  tor  contaminat¬ 
ing  organisms,  and  intensive  investigation  to  find  the  source  of 
trouble  if  contamination  should  occur  are  some  of  the  indispensable 
laboratory  functions. 

YEAS  F  PROPAGAl  ION  AND  HANDLING 


It  is  j^robably  true  in  the  United  States  that  most  yeast  manu¬ 
facturers  follow  similar  jiatterns  in  fermentation  pnxedures  and 
other  operations.  In  the  majority  of  cases,  the  important  raw 
materials  are  the  same;  keen  competition  has  led  to  the  use  ol 
similar  e(iuipment  and  of  the  most  economical  methods  for  the 
production  of  good-tpiality  bakers’  yeast  at  the  best  yields  obtainable. 
Each  company,  however,  has  its  own  particular  methods  lor  the 
orowing  and  the  handling  of  yeast  until  packaged,  the  details  ol 
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whicli  arc  generally  held  confidential.  I  he  lernientalion  scheme 
and  jilant  processes  as  outlined  in  the  lollowing  will  represent, 
therefore,  what  is  generally  known  in  the  industry  and  will  indicate 
some  of  the  allowable  variations  and  limitations  ol  the  art. 

\  The  initial  step  in  bakers’  yeast  mamdacture  is  the  preparation 
by  the  laboratory  ol  a  pure  cidture  of  a  selected  strain  ol  S. 
cerevisiae.  Wdicn  the  laboratory  culture  has  fully  develoj>ed,  it  is 
transferred  to  the  first  vessel  of  the  pure-culture  department  in  the 
plant.  The  small  tanks  employed  there,  usually  relerrcd  to  as 
“kettles,”  have  been  cleaned  previously,  charged  with  special  wort, 
sterilized,  and  cooled.  The  first  kettle  is  usually  small,  only  a  few 
gallons  in  capacity,  and  is  equipped  with  cooling  coils  and  aeration 
tubes.  The  gravity  of  the  wort  is  usually  such  that  a  number  of 
hours  elapse  before  the  first  kettle  is  fermented  out.  The  second 
and  larger  kettle  is  then  inoculated  aseptically  with  the  contents 
ol  the  first  kettle  and  this,  in  turn,  allowed  tci  ferment  tcj  a  low 
gravity.  One  or  more  similar  fermentation  steps  may  follow 
through  the  use  of  still  larger  tanks,  called  “yeasting  tanks”  or 
prefermentors,  ’  until  enough  pure-culture  yeast  has  been  built  up 
to  start  the  making  of  the  seed-yeast  proper.  The  yield  of  yeast  on 
raw  materials  in  these  early  stages  is  low,  jnobably  not  over  20%. 
W^hile  molasses  and  salts  may  be  used  in  the  preliminary  stejjs  of 
seed  making,  the  wort  may  also  contain  sjjecial  nutrients  to  insure 
vigorous  and  well-nourished  starting  yeast  for  the  seed  fermentor. 
The  temperature  is  carefully  controlled  throughout  and  may  be  at 
the  same  or  at  a  lower  level  than  in  follcjwing  fermentations. 

At  the  final  seed-yeast  stage,  more  intense  aeration  is  emjdoyed 

and,  if  good  yields  are  to  be  obtained,  the  feeding-in  of  wort  during 

growth  IS  necessary.  The  Balling  of  the  staning  wort  in  the 

feimentoi,  m  case  a  ieed  wort  is  used,  would  ordinarily  be  lower 

than  that  ,n  the  kettles.  Nntrient  salts,  e„ntainin„  annnnni,,,,,  anti 

|>i«s|>hate  laihcals,  ate  leijinietl  with  molasses  worts  and  oH  adinst- 

ntent  mnst  l.et|nently  he  ntade,  nsnally  l,y  rnnni„,‘  i„  ’  ,  , 
ammonia.  ‘tqoa 

Seed-yeast  let  mentation  tanks  may  he  5, (1(11)  to  10(10(1  not 

anser.  then-  stre  depending  on  the  charge  received  Iron,  ti,  yt^^  i“ 

ta,  k  anti  on  the  tptantity  of  .seed  yeast  tiesiretl.  Seetl-veast  vieS 
VNill,  of  course,  vary,  but  are  sevpi-il  nun  i  .east  yields 

i.(  (he  earlier  lernLttatio,:  steps  Ihetelmrhtr 

wc:)rt  feeding  prevailed.  ‘teiation  and  no 
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Seed  yeast  is  noniially  separated  Iroin  tlie  spent  beer  by  centri- 
liiges.  Washing  is  accoinjdished  by  dilution  of  the  yeast  cream  and 
reseparating  as  many  times  as  is  necessary  to  remove  the  l^eer.  The 
finislied  yeast  cream  is  either  stored  in  tanks  or  pressed  for  future 
use.  In  any  case,  cold  storage  and  Ireedom  Irom  contamination  are 
necessary.  'I'he  seed  yeast  may  he  used  directly  to  inoduce  trade 
yeast,  or  one  or  more  intermediate  propagations  may  he  made.  In 
the  second  case,  better  yields  are  obtained  because  the  initial  seed 
stages  are  the  least  economical  in  respect  to  yield  of  yeast  from  the 
sugar  utilized. 

1  he  last  fermentation,  which  produces  yeast  for  the  trade,  is 
usually  started  in  a  dilute  salts-molasses  solution  together  with  the 
seed  yeast  in  the  fermentor  and  is  characterized  by  strong  aeration 
and  a  wort  feeding-in  program  designed  to  give  high  yields  and  good 
final  yeast  tpiality.  Salts  are  added,  mostly  during  the  early  part 
of  the  j)ropagation,  and  acpia  ammonia  is  suj^jilied  to  lurnish  part  ol 
the  needed  nitrogen.  Ammonia  also  assists  in  maintaining  the  pH 
at  the  desired  level.  The  fermentation  tanks  are  etjuipj^ed  with 
aeration  ecjuipment  and  means  lor  cooling  which  may  consist  of 
water  sprays  on  the  exterior  of  the  tanks  (il  they  are  of  metal  con¬ 
struction)  or  inside  coils.  I'he  working  capacity  ol  the  lermentors 
w'ill  probably  range  from  I (),()()()  to  80,000  gal,  or  more.  I  he  total 
capacity  will,  of  course,  be  greater  as  space  is  needed  for  foam  and 
rise  of  the  litjuid  during  high  aeration. 

The  yeast  is  removed  from  the  beer,  at  the  end  of  fermentation, 
by  centrifuges,  the  residting  yeast  cream  being  diluted  and  re- 
sejxirated  several  times  to  free  the  yeast  from  the  inijmrities  and 
coloring  matter  of  the  beer.  The  net  yield  of  trade  yeast,  based  on 
all  raw  materials  taken,  will  range  from  about  50%  to  over  00%, 
depending  on  yeast  strain,  (piality  ol  raw'  mateiials,  and  opeiating 
conditions.  In  calcidating  yields,  the  seed  yeast  is  deducted  from 
the  total  production  and  a  moisture  content  of  70%  in  the  j)iessed 
yeast  is  assumed. 

I'he  yeast  cream,  containing  about  1  Ib  of  yeast  per  gal,  is 
normally  stored  in  refrigerated  tanks  until  it  can  be  pressed.  Plate 
and  frame,  or  similar  presses,  lined  with  heavy  cloth  are  used  for 
removing  the  excess  water  in  the  yeast  cream.  I'he  yeast  aike  is 
scraped  from  the  jnesses  into  suitalile  trucks  or  chutes  which,  in 
turn,  deliver  the  iiroduct  to  the  cutting  and  packaging  room.  Bulk 
cake  from  the  presses  must  im*  be  allowed  to  stand  for  any  length 
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ol  time,  l)e('ause  even  in  a  retrigeratetl  room,  it  tends  to  heat  sjjon- 
taneonsly  and  may,  in  a  few  hoins,  become  Itadly  damaged.  In  the 
jjackaging  room,  the  yeast  cake  is  placed  in  mixers,  adjusted  to 
;^bont  70%  moisture,  and  small  amounts  ol  vegetable  oils  are  atlded 
to  facilitate  cutting  and  to  achieve  firmness  and  good  appearance  of 
the  finished  cake.  Special  etpiipment  is  used  to  extrude  the  mixed 
yeast,  usually  in  the  form  of  a  continuous  solid  bar.  Other  machines 
cut  the  bar  in  jjieces  of  definite  weight.  These  jjieces  are  then  fed 
into  automatic  wrajjping  machines  from  which  the  wrapped  pieces 
are  hand  packaged  or  jilaced  on  racks  for  cooling.  Whether  boxed 
immediately  or  racked,  the  wrapj:)ed  yeast  must  be  thoroughly 
chilled  to  prevent  spoilage. 

For  the  hantlling  ol  such  liquitls  as  yeast  cream  and  prejjared 
wort,  lines  constructed  of  copper,  brass  or  stainless  steel  are 
advisable.  Centrifugal  pumps  for  circidation  are  j:>referred  to 
reciprocating  pumj«  as  they  are  more  sanitary  and  less  likely  to 
cause  maintenance  j^roblems. 


GENERAL  PLAN!'  EQUIPMENT 

Ideally,  a  yeast  jjlant  should  be  located  close  to  raw  material 
soinces  and  shoidd  be  able  to  sell  all  its  output  in  the  near-by 
territory.  It  should  have  an  abundance  of  pure,  cold  water,  cheaij 
power,  no  waste-disposal  problems,  and  the  best  tyj)e  of  sanitary 
ecjuipment.  Generally,  however,  plants  have  been  set  up  in  locations 
wlierc  tiansp, .nation  costs  arc  not  tiiways  low,  where  good  water 
may  not  he  rhea|,,  and  where  the  disposal  of  plant  effhients  is  costly 
he  Streain.polhtting  capacity  ol  a  large  yeast  plant  is  ecptivalent' 
Ota  ol  a  latr-stcetl  c„y.  Wooden  lennenting  tnhs,  rather  than 
metal  tttt  Its.  may  scnnetnnes  he  t,  necessity  lo,  econo, nic  reasotts. 

I  tacttca  ly,  steel  storage  tanks  lor  molasses,  wooden  tnhs  lor 
maslnng,  and  nonlerrons  lines  and  httittgs,  and  tinnechcopper  ler 
mentors  are  sattslactory.  Aclec|nate  telrigeration  is  nece!s.ry 

i::;n,,:r;::,r:‘'mt:::'  n  other  e,, nip, nent 

ilte  Sweetlanci  or  plate  and  Iratne  hiters.  (it.tt'ihtgtd  sqrn’ I  “ 
yeast  a,e  a  costly,  hnt  essential  part  ol  the  plant  '  '™' 

kor  each  jiound  of  yeast  produced  5  to  10  jr-.] 

-rd::  nnt::g  ™t;i- 
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equipinent,  tor  operating  pumps,  and  lor  many  other  purposes. 
Considerable  steam  is  needed  for  mashing,  heating  water,  and 
sterilization.  Low-pressure  steam  tor  processing  may  be  derived  from 
the  exhaust  of  turt)ines,  which  are  employed  to  drive  generators  or 
l)lowers.  The  problems  of  boiler  cajjacity  and  current  generation, 
or  current  purchase,  will  l)e  ditfereiu  for  each  jilant. 


AERAl  ION 


Aeration  of  the  licjuid  medium  during  yeast  growth  is  necessary 
for  good  yields.  l)e  Becze  and  Liebmann,'’  in  an  extensive  review 
of  the  literature  on  aeration,  estimated  that  with  ordinary  per¬ 
forated  aeration  tubes  in  the  fermentors,  air  consumjjtion  amounts 
to  0.1  to  0.3  cu  ft  per  minute  for  each  gallon  of  liquid,  or,  expressed 
in  other  terms,  each  pound  of  yeast  made  will  have  required  330 
to  530  cu  ft  of  air.  T  hey  also  statetl  that  power  tor  aeration  repre¬ 
sents  to  to  20%  of  the  cost  of  yeast  production.  The  same  authors 
discussed  at  length  the  relative  merits  of  perforated  tubes  and 
porous  ceramic  aeration  devices.  Greater  resistance  to  air  How, 
greater  maintenance  cost  and  increased  cleaning  problems  are 
jirobably  some  of  the  reasons  why  jjorous  aerators  are  not  popular 
in  the  United  States.  Sticld”'"  was  one  of  the  leading  exponents  of 
the  porous-tube  type  of  aerators  and  his  inventions  apparently  met 
with  some  success  in  Europe  in  cases  where  l)oth  alcohol  and  yeast 
were  produced  simultaneously.  The  “tine  aeration  ’  obtainable  with 
ceramic  candles  calls  tor  less  air  volume  but  incie<ised  jjiessuie,  and, 
with  it,  less  alcohol  is  evaporated  and  lair  yields  of  yeast  are  said 


to  t)e  produced. 

Equipment  for  producing  comj>ressed  air  may  be  ol  any  con¬ 
ventional  kind,  reciprocating  comijressors,  turbines  or  Root-type 
blowers.  Orifice  plates  in  the  lines  are  convenient  for  controlling 
air  quantities.  Ehe  air  should  tie  filtered  and  cooled  before  entering 

the  fermentors. 

Numerous  devices  and  jirocedures  have  been  invented  to  sup¬ 
posedly  improve  aeration.  One  working  method"®  calls  tor  the 
introduction  into  the  fermentor  of  a  mechanically  made  foam  ot  air 
in  molasses  which  has  lieen  stabilized  with  small  amounts  of  dextrin. 
For  operating  at  a  lower  air  pressure,  VVessblad“"  continuously 
aerated  a  portion  of  the  fermentor  contents  on  the  outside  ol  the 
tank  and  then  returned  it  to  the  main  body  ol  liquid.  A  Swedish 
patent"'*  claimed  improvement  through  mechanical  agitation  o 
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the  li(]uid  over  and  around  an  air  inlet  to  the  lermentor.  Several 
methods’“’®“  have  been  designed  to  break  up  large  air  bid)bles  and 
to  delay  their  escajje  by  means  of  propellers  or  agitators  moving  in 
the  fermentor.  Vogelbusch’s  patent”^  involved  this  principle  and 
his  equijiinent  has  been  used  with  some  success  in  Euro]>e.  Vogel¬ 
busch’s  agitator  consisted  in  streandined  and  perforated  hollow 
blades  supported  by  a  central  hollow  shaft  through  which  air  was 
forced  to  the  blades.  Reduction  in  air  pressure  was  claimed  by 
reason  of  the  high  liquid  velocity  over  the  rapidly  revolving 
elements  and  fine  air  bubbles  were  said  to  residt  through  a  shearing 
action  of  the  liquid  as  the  propellers  rotated.  The  air  holes  in  the 
blades  were  relatively  large,  about  2  mm  in  diameter. 

Improvements  over  ordinary  perforated  tubes  for  the  distribu¬ 
tion  of  air  in  the  fermentor  have  been  sought  by  various  inventors. 
Lockey’®  attemjjted  to  obtain  fine  air  bubbles  by  forming  a  screw 
thread  on  the  perlorated  tubes  and  then  winding  a  wire  in  the 
cut  giooves.  Forcing  air  through  short  bundles  ol  wire,  or  between 
closely  packed  flat  strips  of  metal  are  other  variations  lor  producing 
small  bubbles. 

Rapid  circidation  ol  the  fermentor  contents  by  means  of  an 
outside  pump,  so  that  the  total  volume  of  fluid  is  removed  from 
and  returned  to  the  tank  in  a  few  minutes,  has  been  projiosed  as 
an  alternative  to  ordinary  aeration.^"  Variation  in  the  volume  of 
air  introduced  into  the  fermentor  by  means  of  an  automatic  control 
device^ during  yeast  growth  was  the  subject  of  a  patent  to  Rosen- 
qvist.®”  Bratton"  used  a  closed  system  to  jnevent  loss  of  alcohol 
volatile  organic  acids,  and  esters.  Exhaust  air  and  gases  were 
immped  back  into  the  fermentor,  or  into  another  fermentor,  a  small 
volume  being  allowed  to  escape  as  some  fresh  air  was  introduced  as 


The  use  of  lactic  or  acetic  acid  to  reduce  surface  tension  and 

p.o.note  fine  aeration,  especially  with  porous  tube  equipment  was 
patented  by  Braasch.^  ^  q-'mcni,  \\as 

The  exact  function  of  aeration  in  yeast  growth  has  been  the 

stan^p:::: 
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nutrient  solution,  it  removes  excess  carbon  dioxide,  and  maintains 
uniform  concentrations  of  both  yeast  and  yeast  nutrients  throughout 
the  solution. 

^Vorking  with  malt  worts,  Slator‘°®  concluded  that  in  the  initial 
stage  ol  the  fermentation,  yeast  growth  is  retarded  by  air,  but  that 
later  oxygen  is  beneficial  since  it  aids  in  the  removal  of  carbon 
ilioxide.  Schultz,  Atkin  and  Frey,**'*  however,  claimed  that  the 
lermentation  of  maltose  and  galactose  was  hastened  in  the  early 
stages  by  the  use  of  pure  oxygen.  Braasch  and  Braasch*°  found 
that  excessive  aeration  could  be  harmful  in  removing  too  much 
carbon  dioxide.  They  claimed  that,  in  such  cases,  1  to  3%  of 
carbon  dioxide  should  be  contained  in  the  air  blown  into  the 
fermentor.  Frey,  Schultz,  and  Atkin***  stated  that  oxygen  depresses 
anaerobic  fermentation  by  one  half. 


FOAM  CONTROL 


One  of  the  troublesome  aspects  of  yeast  manufacture  is  excessive 
foaming  in  the  fermentors  during  aeration.  Its  control  is  an  ex- 
j)ensive  item.  Many  kinds  of  animal  and  vegetable  fats  and  oils, 
or  protlucts  derived  from  them,  have  been  employed  to  hold  the 
fermentor  foam  within  bounds.  Fxperience  has  indicated  that  there 
is  some  correlation  between  an  effective  defoamer  and  the  raw 
materials  emjjloyetl  lor  mash  prej^aration;  usually  only  actual  tests 
will  reveal  the  most  suitable  and  economical  agent  to  be  used  under 
existing  plant  conditions.  According  to  a  CTerman  patent,  aliphatic 
alcohols  containing  eight  or  more  carbon  atoms  will  control  loaming 


successfully.  A  patent  to  Steibclt'****  covers  a  mixture  of  ccpial  parts 
of  hexadccanol,  tetradecanol  and  paraffin  oil  for  deloaming. 

Mechanical  contrivances  have  been  devised  to  destroy  foam,  or 
limit  it,  but  aj)iKirently  they  have  not  been  too  successful.  ^Illustra¬ 
tive  of  endeavors  in  this  direction  is  a  patent  ol  Hayduck*’  which 
describes  an  air  jet  within  the  fermentor  that  sucks  in  loam  and 
then  propels  it  against  a  baflle  plate,  d'his  action  is  said  to  break 
down  the  foam  into  a  liciuid  which  either  may  be  returned  to  the 
fermentor  or  removed  from  it.  Automatic  control  of  additions  of  a 
defoamer  to  the  fermentor  as  needed  has  been  attempted  thiough 
the  use  of  a  jihotoelectric  cell  and  the  necessary  auxiliary  eciuipmcnt. 
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VKAS  J  SEPARA  riON 

Alter  the  yeast  is  matured  in  the  lermentor,  the  next  operation 
is  separation.  Centriluges  ol  5,(H)0  gal  per  hour  capacity,  more  or 
less,  remove  the  yeast  Irom  the  spent  beer  in  the  form  of  a  cream. 
Since  the  litpiid  surrounding  the  yeast  in  the  cream  is  mostly  dark- 
colored  beer,  this  must  be  removed  by  repeated  dilution  with  water 
and  reseparation  until  the  cream  is  practically  free  from  color  aiul 
waste  products. 

Washing  may  be  accomplished  in  several  ways.  ^Vater  can  be 
added  to  the  sejxirators  with  yeast  cream;  the  cream  may  be  diluted 
with  water  in  a  wash  tank;  or  cream  and  water  may  be  mixed 
together  in  special  nozzles  which  are  jjlaced  between  two  or  more 
banks  of  sejiarators.  .\  separate  wash  tank  allows  for  much  Ilexibility 
in  operation,  while  a  washing  nozzle  requires  exact  adjustment  of 
flow  of  liquids  and  uninterrupted  separator  jjerformance. 


VE.VST  CUTTING 

1  he  forming  of  pressed  yeast  into  pieces  of  fixed  shapes  and 
weights  foi  the  tiade  is  ortfinarily  referred  to  as  ''cutting”  yeast. 
The  customary  weights  are  1  lb  for  the  bakeries  and  1/2  lb  and 
1/2,  1,  and  2  oz  lor  the  grocery  trade.  I’he  weights  of  smaller  pieces 
may  vary  somewhat  from  the  figures  given.  Waxed  paper  for 
wrajiping  is  customary  except  that  the  smallest  pieces  may  be 
covered  with  ..tetal  loii.  Both  cutti.tg  and  wra|rpii,g  is  accomplished 
by  machines  in  most  plants. 

Wrappetl  and  packaged  yeast  tends  to  lose  a  small  amount  ol 
wtner  when  placetl  nn<lei  rel. igeration,  the  water  condensing  on  the 
insKle  ol  the  wtixed  wrapper  in  the  form  ol  droplets.  I  he'se  water 
tiroplets  may  slightly  tliscolor  the  snriace  ol  the  yet.st  cake  and  to 
overctnne  this  delect,  Far, el”  patented  a  special  wtt.pper  which 
conststed  ol  an  ,nner  layer  ol  pape,  with  high  wate.-ahsorhing 
tapacty  cove.e.l  hy  an  onter  layer  relatively  in,pe.vions  to 
nioislnie.  he  two  layers  we.x-  temented  together  hy  wax  which 
could  he  soltened  snlhcently  to  seal  the  lolded  ends  in  the  packag 
n>g  macinne.  Lew, on™  a„e,„p,ed  to  coat  yeast  with  a  hln/ch 
or  vegetal., e  oil  to  seal  the  snriace  and  prevent  dete,  i:,,;,' 

I"  iinptc.ve  the  color  and  , anting  <  haracte,  isiics  ol  yeast. 
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Schultz  and  trey  patented”®’’*”  propylene  and  sorbitol  laurates,  and 
the  laurates  of  polyhydric  alcohols,  such  as  glycol,  glycerol,  and 
inositol  as  additions  to  yeast  prior  to  cutting.  I'hey  also  claimed 
patent  coverage  in  yeast  cutting”'^  for  lecithin  and  other  emulsifying 
agents,  like  diglycol  mono-  and  dioleates,  ammonium  oleate  and 
ammonium  linoleate,  glycerol  monostearates  and  diglycol  mono- 
and  distearates.  Claims  have  been  made’”  for  eidianced  baking 
strength  in  yeast  through  the  incorporation  at  mixing  time  of  such 
diverse  sid)stances  as  mucic  acid,  calcium  acid  phosphate,  urea, 
papain,  ami  oxidizing  salts.  Piotection  against  mold  infection  in 
yeast  through  addition  of  ethyl,  propyl,  isopropyl,  butyl  or  amyl 
alcohol  has  been  also  claimed.’^ 

.\cn  IVE  DRY  YEAS  r 

Dried  yeast  for  home  baking,  in  the  form  of  a  mixture  of  cereal 
materials  and  dehydrated  yeast  cells,  was  used  for  many  years  in 
rural  districts  and  other  places  where  fresh  compressed  yeast  was 
not  readily  available.  Its  activity  was  poor  and  the  yeast  cakes 
recpiired  an  overnight  soaking  in  water  beiore  use;  the  residting 
bread  was  ajjt  to  be  coarse  and  of  inferior  volume.  In  making  the 
j>roduct,  a  jjaste  of  cereals  and  hops  was  prepared  and,  alter  being 
mixed  with  liquid  or  pressed  yeast,  was  formed  into  small  cakes  and 
slowly  air  dried.  Patents  to  Hill  and  Ciivens^”  described  some  of  the 
practical  methods  followed  in  manufacturing  dried  yeast  ot  this 
type. 

Recently,  so-called  “active  dry  yeast”  has  replaced  the  cereal- 
yeast  mixture  for  home  baking  and  has  tound  acceptance  in  com¬ 
mercial  baking  as  well.  The  new  jnoduct,  consisting  of  only  dry 
yeast  cells  and  containing  no  fdler,  is  able  to  ferment  sugar  vigor¬ 
ously  after  a  few  minutes  soaking  in  warm  water.  It  contains  about 
8%  moisture,  does  not  require  refrigeration,  and  will  remain  active 
under  normal  atinosjjheric  conditions  lor  many  months. 

'Fhe  older  patent  literature  on  active  dry  yeast  contains  widely 
varying,  and  frequently  contratlictory,  claims  on  such  subjects  as 
fermentation  procedures,  conditions  for  drying,  and  additions  to 
yeast  before  drying.  Apparently,  none  of  the  processes  disclosed 
were  found  to  be  commercially  jiracticable. 

Present  rnamdacturing  methods  are  held  confidential  and  veiy 
little  information  on  the  subject  of  active  dry  yeast  has  been  dis¬ 
closed  through  recent  publications.  Shavei  and  krey,  in  1933, 
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patented  a  process  for  preparing  yeast  lor  drying,  according  to  which 
ordinary  yeast  is  altertreated  in  a  molasses  solution,  containing 
assimilable  organic  nitrogen,  for  lowering  its  protein  content  below 
50%  and  raising  its  glycogen  content  to  5%  or  more,  both  values 
being  calculated  on  dry  yeast  solids. 

Enright  and  Foote,^”  1944,  also  subjected  commercial  yeast  to  a 
special  conditioning  fermentation  prior  to  dehydration.  According 
to  their  process,  the  yeast  quantity  was  increased  40  to  50%  in  the 
final  fermentation,  but  the  activity  was  reduced  somewhat.  They 
stated,  however,  that  yeast  so  treated  could  be  dried  without  injury. 
The  conditioning  wort  contained,  in  234  gal  of  water,  17.06  lb 
sugar,  0.20  lb  ammonium  tartrate,  0.30  lb  calcium  monohydrogen 
phosphate  and  40  lb  compressed  yeast.  Strong  aeration  was  em¬ 
ployed  and  the  finished  yeast  was  considered  satisfactory  when  its 
nitrogen  had  been  reduced  to  about  6.5%  (dry  basis). 


Auden  and  Eaglesfield^  claimed  improvement  in  the  drying 
characteristics  ol  yeast  and  greater  stability  in  the  finished  product 
through  the  use  of  fruit  pectin  and  the  colloids  obtained  from  the 
aqueous  extract  of  flaxseed.  Such  substances,  mixed  with  the  yeast 
before  drying,  were  said  to  prevent  a  too  rapid  dehydration  and 

later  to  act  as  stabilizers  of  the  residual  water  left  in  the  dried 
yeast. 

\east,  suitably  conditioned  for  drying,  is  jjressed,  comminuted 
by  extrusion,  and  dried  under  controlled  conditions  in  tunnel,  con¬ 
tinuous  conveyor-type,  or  rotatory  driers.  The  yeast  from  the  drum 
driers  is  bnished  in  the  form  of  round  pellets,  but  that  produced  in 
the  other  types  of  driers  retains  its  original  extruded  form. 

A  lew  years  before  World  War  II,  active  dry  yeast  for  home 
l)aking  was  successfully  established.  During  the  war,  all  of  the 
nation  s  production  was  utilized  hy  the  armed  forces.  It  was  possible 
or  the  first  ttntc,  l.o<t,usc  of  the  availal.ility  of  ctry  yeast,  to  supply 
l.esh  hreatf  to  soltiters  at  or  .tear  the  Irotu  lines  in  all  loreLn 
field,.  After  the  war,  the  ttrmed  forces  have  co.ttitnted  to  use  dn- 
yeast  outstde  of  the  United  States.  The  export  of  active  dry  yeast 
to  Lat.n  Atnertca  and  Pacific  areas  is  steadily  i.tcreasine  A  new 
development  ol  importance  is  the  marketing  of  pre.tared  ...ive  f 
rolls  and  bread,  containing  a  separate  enclos.tre  of  dry  yeast  "a 
number  ol  co.nmercial  bakers  have  st.bstit.tted  drv  ve.st  f„‘r  c 
pressed  yeast  successfully.  The  product  offers  distinct'  ad  an. T” 
over  compressed  yeas,  in  regard  to  reduced  costs  of  trantotrS: 
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and  reirigeration  (which  is  necessary  with  coinjjiessed  yeast).  It 
also  has  the  advantage  of  niiicli  longer  life  and  can  be  stocked  in 
considerable  tj  nan  titles. 

Dry  yeast  lor  baking  is  sold  in  jjackages  containing  1  to  .HOO 
lb.  kiber  drums  arc  Iretjuently  employed  for  shipment  in  the 
domestic  market,  sealed  cans  more  often  for  exj^ort.  For  home 
baking  and  prejjared  bread  mixes,  the  yeast  is  customarily  packed 
in  laminated  paper  or  loil  envelopes  in  Iractional-ounce  cpiantities. 

Extended  life  of  dry  yeast  is  accomplished  by  vacuum  or  inert- 
gas  packing.  A  patent  to  Atkin,  Kirl)y,  and  Frey“  claimed  better 
preservation  of  the  activity  of  dry  yeast  l)y  elimination  of  oxygen 
through  vacuum  jjacking  or  by  rejilacement  of  air  with  nitrogen  or 
carbon  monoxide.  A  recent  investigation  of  the  deleterious  effect 
of  air  on  active  dry  yeast  was  made  l)y  Oyaas,  Johnson,  Peterson, 
and  Irvin.*’'  I'he  rejjort  of  this  study  likewise  indicated  that  dry 
yeast  stability  was  improved  through  elimination  of  air  l)y  vacuum 
packing  or  by  the  substitution  of  nitrogen  or  carbon  dioxide  for 
air.  Some  imj)rovement  was  lotind  with  only  partial  elimination  oi 
the  air.  I'he  yeasts  used  iti  this  investigation  were  from  commercial 
packs  made  by  several  manufacturers  for  the  armed  forces. 


LABORA  rORY  CON  FROL 

In  addition  to  jjure-culture  maintenance  and  control  ol  inlec¬ 
tion  by  microorganisms,  the  plant  lal)oratory  must  make  chemical 
analyses  of  raw  materials  and  finished  products.  Besides  the 
chemical  and  bacteriological  tlepartments,  equipment  and  trained 
personnel  for  test  leaking  of  yeast  is  absolutely  necessary.  While  the 
chemical  analysis  of  yeast  is  important,  its  results  cannot  be  sub- 
stitutetl  for  information  gainetl  by  observing  the  actual  perlormance 
of  yeast  in  bread  tlough. 

In  respect  to  ratv  materials,  knowledge  ol  their  content  ol  total 
solids,  sugar,  nitrogen,  total  ash,  phosjdiorus,  alkaline  earths,  trace 
elements,  and  growth-stimulating  factors  is  important,  both  Irom 
the  standjioint  ol  tost  and  ol  their  action  in  the  leimentoi.  Sugai 
may  be  determined  by  the  polariscoi>e  or  by  copi^er  reduction. 

Fhe  usual  procedures  are  emj)loyed  for  invert  sugar,  belore  and 
after  inversion  of  the  sample,  and  lor  the  estimation  of  such  sugars 
as  ralhnose.  Fhe  Kjeldahl  method  for  total  nitrogen  is  commonly 
used  in  the  analysis  of  both  raw  materials  and  yeast.  .Methods  lor 
determining  the  ash  and  water  content  of  raw  materials  and  ol  yeast 
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will  probably  vary  widely  Ironi  plant  to  plant,  as  is  tistially  the  case 
with  these  two  constants.  Phosphorus  can  be  conveniently  estimated 
by  one  ol  the  colorimetric  methods.  Micrcjbiological  and  other 
standard  tests  can  be  applied  in  the  assay  lor  growth  stimidants. 

N  Reliable  pH  meters  are  essential  in  the  laboratory  as  well  as 
in  the  plant  where  constant  checking  ol  the  acidity  in  the  lerment- 
ing  mediinn  is  necessary  lor  projjer  control  ol  yeast  growth.  And 
in  both  plant  and  laboratory,  hydrometers,  nsnally  made  with  the 
Balling  scale,  are  necessary  instruments. 

The  finished  yeast  shonld  be  tested  lor  moisttire,  acidity, 
nitrogen  and  j)hosphorns  content.  In  some  instances,  vitamin  assays 
are  important.  Knowledge  of  the  ash,  fat,  carbohydrate  fractions, 
and  amino  acid  structure  ol  yeast  may  also  be  desired.  The 
laboratory  will  check  the  yeast  microscopically  for  abnormalities, 
such  as  foreign  organisms,  dead  yeast  cells,  and  nnnsual  budding 
conditions.  Such  inspection  shoidd  be  made  during  yeast  growth 
and  in  the  final  stage  of  mamdacture. 


The  baking  laboratory  should  be  able  to  produce  all  ordinary 
baked  goods  under  rigidly  controlled  conditions  to  assure  the 
yeast  manufacturer  that  his  product  will  be  satisfactory  for  his 
customers.  Certain  daily  control  tests  in  the  baking  laboratory  will 
i)e  .set  up,  the  results  of  which,  together  with  essential  chemical 
analyses,  should  be  available  immediately  to  the  manufacturing 
department.  The  final  yeast  will  have  been  tested  more  than  once 
by  baking  before  it  is  shipped.  Suitable  exposure  tests  shonld  also 
X*  devised  to  lurnish  mlormation  regarding  the  stability  of  finished 
yeast  under  jiossibly  adverse  conditions  in  the  field 

The  lab.„au,ry  give  valuable  assistance  in  i.nn.oving 
inetbot  s  bn-  processing  raw  materials  anti  developing  better  plant 
.nctbotls.  Stnctly  speabing.  these  are  functions  of  'a  research  la'l'or" 
.),  but  without  some  tievelopmental  program,  either  in  the  control 
laboratory  or  ,u  a  se|,arate  department,  the  .uodcrn  yeast  manm 
facurer  w.ll  soon  bnd  that  be  is  falling  behind  co.npetition 


vari.vtion.s  in  fi.rmkn-|-atk,n  procedures 

The  patent  literature  is  replete  with  metbotls  claimed  to  be 
niiprovements  in  working  procedures  for  imin..(..cf  ■ 
yeast.  The  followiug  lew  lelerences  J  «>'»Pressed 

fications  attempted  bn-  securing  beu:"  i'  ;;!:' coin”’" 

space,  improving  yeast  tjuality,  etc.  stlving  leimentor 
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During  fermentation,  Jacobsen'^'*  made  adjustments  in  the  rate 
of  feed-wort  additions  to  coincide  with  yeast  l)udding,  his  theory 
being  that  nutrients  should  be  sujj[>lied  in  greater  amount  to  the 
yeast  just  before  budding  starts  and  that  relatively  less  food  should 
be  given  alter  the  buds  are  tormed.  I)e  Becze®  assumed  that  for 
yeast  of  good  quality,  the  feed  wort  shoidd  be  supplied  to  the  yeast 
according  to  its  needs  during  the  early  stage  of  grcjwth,  but  at  a 
relatively  lower  rate  in  the  latter  period  of  propagation.  Believing 
that  yeast  may  be  weakened  by  forced  growth,  Moskovits’'®  proposed 
an  aftertreatment  which  consisted  in  sidjjecting  the  yeast  to  low 
aeration  in  a  solution  rich  in  organic  nitrogen  followed  by  the  final 
step  of  increased  aeration  and  a  higher  sugar  concentration  in  the 
wort.  Klein®^  suggests  that  the  characteristics  of  commercial  yeast 
are  determined  partly  by  the  tpiantities  and  types  of  substances 
employed  in  the  last  growth  stage.  He  remarks  that,  for  the  nearly 
complete  assimilation  of  carbon  or  nitrogen  containing  nutrients, 
one  or  the  other  must  occur  in  excess,  e.g.,  for  the  complete  assimila¬ 
tion  of  available  carbon,  excess  nitrogen  must  be  present  in  the 
medium,  and  vice  versa. 

The  best  utilization  of  sugar  is  stated  by  Howells®*  to  occur 
when,  starting  2  hours  after  seeding,  the  rate  of  sugar  feed  is 
maintained  at  1.26  times  that  supplied  to  the  yeast  in  the  preceding 
hour.  He  also  recommends  that  the  setting  wort  in  the  fermentor 
should  be  higher  in  assimilable  nitrogen  than  the  feed  wort  and 
states  that  the  ratio  of  sugar  to  nitrogen  should  be  17.5  to  1  on  the 

basis  of  the  total  wort  employed. 

Kirby  and  Frey®®  claimed  improvement  in  yeast  quality  by  the 
use  of  relatively  large  amounts  or  high-protein  seed  yeast,  e.g.,  30 
to  60%  of  the  total  molasses.  The  seed  yeast  should  have  a  protein 
content  of  over  50%  (dry  basis)  and  the  final  trade  yeast  less  than 
50%.  They  also  claimed  better  stability  in  the  pressed  yeast  by 
using  at  least' 20%  of  high-jirotein  seed  yeast  and  limiting  the 
supply  of  phosphate  (as  ammonium  acid  phosphate)  to  1.25  to  -.0% 
of  the  molasses  and  the  inorganic  nitrogen  (as  ammonium  sulfate)  to 
8%,  so  that  the  finished  yeast  will  have  less  than  50%  protein 

(dry  basis).  . 

Lutz  and  Irvin,’*  to  save  cooling  water,  jiower  for  aeration,  and 

fermentor  space,  proposed  the  use  ol  a  small  volume  of  setting  t\ort 
to  which  a  concentrated  feed  wort,  together  with  cold  water,  was 
gradually  added.  The  added  cold  water  supplied  a  substantial 
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proportion  of  the  necessary  cooling  and  the  lower  initial  li({iiid 
volume  in  the  fermentor  reduced  hack  pressure  in  the  aeration 
system.  If  high  seeding  were  used  at  the  start,  it  was  claimed  that 
the  process  could  be  modified  by  distributing  the  contents  of  the 
first  fermentor  among  several  other  tanks  and  continuing  the 
gradual  additions  of  concentrated  feed  and  water. 

A  reduction  in  seed  yeast  quantity  and  increased  production 
per  fermentor  was  claimed  by  Irvin  and  MeacP^  who  used  a  two- 
stage  propagation  program.  The  first  jihase  (b  hours)  was  started 
with  low-seeding,  high-concentration  wort  and  light  aeration;  the 
second  period  (8  hours)  called  for  increased  dilution  and  more  air. 
In  the  first  stage  20  to  45%  of  the  total  nutrients  were  consumed. 
The  jnocess  allowed  for  the  distribution  of  yeast  and  solution 
among  several  fermentors  at  the  termination  of  the  initial  stej)  in 
the  original  tank. 


BAKERS’  YEAST  FROM  SULFITE  LIQUOR 

Waste  sulfite  liquor  from  pajier  mills  has  been  successfully  used 
for  the  manufacture  of  bakers’  yeast  at  favorable  locations,  as  in 
Scandinavia  and  Canada,  where  there  are  large  pulp  mills  and  the 
usual  raw  materials  lor  yeast  making  are  less  readily  available. 
Heijkenskjold  was  one  of  the  principal  workers  in  this  field  and  has 
extensive  patent  coverage""  on  the  manufacture  of  yeast  from  siilhte 
waste  liquor.  Because  of  the  low  sugar  content  and  high  nonsugar 
solids  in  sulfite  liquor,  radical  changes  in  the  customary  procedtires 
were  riecessary  in  its  application  to  the  ]iroduction  of  bakers’  yeast, 
ccoi  mg  to  Heijkenskjold’s  jirocess  powdered  limestone  is  added 
o  the  hcpior  for  defecation  and  removal  of  sulfur  dioxide.  The 
hquor  IS  then  aerated  and  hnally  hltered.  Alum  and  supplementary 
yeast  nutrients,  such  as  malt  sprouts  and  ammonium  salts,  may  be 

mixed  wuh  the  lu|t,or  lielore  filtnuion.  lileacliitig  of  the  liqttor 
tvith  hyjiochlorites  may  also  be  emnlovrrf  ,  quor 

«a„ed  h.  clarified  ht.tloc  thttt^ha:  ^rtpecSny'rS 
such  substances  as  molasses  and  comjiounds  high  in  '  u 
mteogen.  Later  on,  only  sulfite  lit, nor  is  taken  as  the  ntttrkm  sol 
ion.  Aeration  is  eni|>l„yed  throngliout  as  usual  -kn 
eature  of  the  jirocess  is  the  continuous  removal  of  ,iirt‘of‘ri"‘ 
fermentor  contents,  se|jaration  of  yeast  from  the  I  ,  ^ 

of  the  yeast  to  the  fermentor.  It 


"■as  said  that  the  yeast  finally 
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removed  from  the  lermentor  may  he  subjec  ted  to  an  aftertreatmem 
in  molasses  wort  to  improve  odor,  taste,  and  baking  strength. 


•M 1  SC E L L A i\  E( )  U  S  I ) K V EL( )  P  M  E N 1  S 
Improvements  in  yields  ol  yeast  by  increased  dilution,  aeraticju, 
and  continucjus  feeding  ol  wort  have  been  mentioned.  Rainer”^ 
and  Hayduck^-  demonstrated  that  a  low  concentration  ol  sugar  at 
all  times  was  essential  for  the  highest  yields,  with  little  loss  of  sugar 
due  to  alccjholic  fermentation;  Elayduck  assumed  that  the  little 
alecjhol  formed  was  assimilated  hv  the  veast.  Ransohoft”’  also  he- 
lieved  that  veast  woidd  utilize  alcohol  under  suitable  conditions. 

j 

.\s  an  alternative  to  the  feeding-in  prexedure,  Wh'oten''*'  attempted 
to  limit  the  available  sugar  by  enzymic  control  of  the  rate  of  sugar 
formation  from  litpiefied  starch  jrresent  in  the  nutrient  solution. 
.\ccording  to  a  prexess  developed  in  Austria,"'**  j^art  of  the  wort  was 
sidjjected  to  an  alcoholic  fermentation,  the  alcohol  thus  formed 
being  later  employed  as  a  source  of  carbon  for  the  yeast  in  the  final 
stage  of  grow’th.  In  respect  to  alcohcrl  utilization  by  yeast,  the 
conclusion  of  Claassen'*’  that  no  large  amount  of  alcohol  is  assimi¬ 
lated  as  long  as  sugar  is  available  is  probably  valid. 

With  the  advent  of  the  salts-molasses  methcxl  for  yeast  growing, 
there  arose  the  problem  of  controlling  the  excess  acidity  due  to 
liberation  of  free  mineral  acids  Irom  ammonium  salts.  A  solution 
of  the  jjroblem,  through  neutralization  with  such  sid)stances  as 
sodium  carbonate,  lime,  and  ammonia,  was  found  by  several  inde¬ 
pendent  groups  ol  workers  at  about  the  same  time  tind  smnlat 
patents  on  the  subject  were  granted  in  192.S  to  Haycluck,'“"‘ 
Kohman,  Irvin  and  Ciross,"'*  (airby  and  CTlasgow,"^'  and  Nilsson  ant 
Harrison. Deleterious  acidity  in  salts-molasses  fermentations 
originating  from  anions  set  Iree  from  ammonium  salts,  probabh 
develops  only  when  a  combination  of  high  dilution,  strong  aeration 
and  the  feeding-in  jjrcxess  exists.  Neutralization  with  aimnoni;: 
functions  very  well  because  most  of  the  neutralizer  is  finally  con 

sinned  by  the  yeast  as  a  source  ol  nitrogen. 

An  improvement,  which  has  been  giveir  considerable  attention! 
but  which  has  not  been  universally  adopted,  is  the  contmuou 
process  for  yeast  rrranulacture.  Ehough  c)theiV^’""’'*Mracl  worked  on 
the  problenr,  Sak*'"  was  one  of  the  first  to  study  it  interrsively. 
drew  off  some  of  the  lerrnerrtor  contents  and  separated  the  yeasi 

err  nutrient  solution  tc 


from  it,  replacing  errough  yeast,  water. 
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maintain  constant  conditions  in  tlic  lermentor.  Daranyi,  woiking 
with  liigh  concentrations  ol  both  sugar  and  yeast,  drew  oil  one-sixth 
of  the  lernientor  contents  every  2  hours  and  snbjected  the  with¬ 
drawn  portions  to  Inrther  aeration  in  a  separate  tank  to  lecovei 
residual  nutrients  l)elore  separation.  Strong  wort  was  added  to  the 
lermentor  to  reestablisli  the  original  concentration.  He  claimed  a 
unitorm  average  ol  8%  yeast  in  the  lermentor  and  nutrient  levels 
several  times  greater  than  those  customary.  An  improvement  in 
continuous  oj>eration  w'as  developed  by  Meyer’'^  w'ho  occasionally 
interrupted  the  molasses  ieed  and  substituted  a  grain-wort  lecd, 
prepared  from  malt  or  malt  sj^routs,  lor  the  purj^ose  ol  periodically 
strengthening  the  yeast.  A  German  paten t“  described  a  complicated 
system  ol  lermenting  vessels  through  which  the  yeast-grow’ing 
medium  was  circulated  and  enriched  at  suitable  jjoints  wdth  fresh 
wort  or  other  nutrients.  Corby  and  liidnig^®  claimed  increased 
yields  of  yeast  and  greater  plant  capacity  by  a  modification  of  the 
continuous  }jrocess  which  included  jieriodical  withdrawals  from 
the  lermentor  and  the  simultaneous  additions  of  nutrients. 

Several  investigators  have  sought  increased  yields  of  yeast,  or 
other  benefits,  by  variations  in  temperature  during  projjagation. 
Meyer  and  (diapjje^^  claimed  increased  production  by  using  an 
initial  temperature  of  86°F  and  then  decreasing  it  to  75“F  after 
about  4  hours.  7  he  temperature  was  maintained  at  the  lower  level 
until  the  end  of  the  fermentation,  or  was  allowed  to  rise  to  86‘’F 
dining  the  last  2  hours,  (^orby  and  Huhrig'"  also  started  propaga¬ 
tion  at  a  higher  teni])crature  (.4S°(^),  and  finished  at  a  decreased 
tcmpeiatuie  (30  (,).  kuchs^'’  attemjjited  to  jiroduce  bakers’  yeast 
Ironi  brewers  yeast  by  gradually  acclimati/ing  the  latter  to  95‘’F 
thiough  successive  stages  of  propagation  which  started  at  the  low 
temperature  of  41  “F. 

Irradiation  ol  yeast  or  yeast-nutrient  solutions  with  ultraviolet 
light  has  been  given  some  attention.  Reinisch««  claimed  that  such 
treatment  ol  water  and  wort,  before  seeding  with  yeast,  benefited  the 
ernientation  and  also  enhanced  the  vitamin  content  of  the  yeast 
in.provc.em  in  ,l,c  yieUI  of  yeasl  by  exposure  lo  eieclroma/neui 
wave  lengths  or  1.8  nnn  to  120  was  patented  by  Liebesny  and 
Uertbenn.-'  Repot tetl-  findings  by  I.ct„baeb.  Linder,  atttl  otlters 
l.ave  tntiteatetl  beneficial  results  of  various  types  of  irradiation 
..nprovetnent  n.  pttebing  yeast  (brewers’)  an, I  the  lertnentittg  powet’ 
"I  botton,  yeast  by  l.gbt  treat,,, ettt  an, I  stitnnlation  of  yeas,' growth 
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by  radium  emanations  being  mentioned.  Aberhalden/  however,  re¬ 
ported  a  deleterious  ellec  t  ol  ultraviolet  light  on  yeast  and  Woodrow, 
Bailey,  and  Fulmer^'*  showed  that  the  shorter  wave  lengths  of  the 
idtraviolet  portion  of  the  spectrum  produced  toxic  substances  from 
wort  ingredients,  such  as  sugar  and  that  such  irradiated  wort  would 
not  support  yeast  growth. 

Pressed  yeast  that  will  not  readily  disperse  in  water  and  remains 
at  the  bottom  of  the  vessel  in  the  forms  of  discrete  and  visible 
particles  is  said  to  be  “gritty.”  Flocculating  or  gritty  yeast  has  been 
variously  attributed  to  raw  materials,  fermentation  conditions,  and 
yeast  strain.  Uncpiestionably,  some  strains  have  an  inherent  tend¬ 
ency  to  floccidate  which  is  absent  in  others.  It  has  been  found 
that  a  tendency  to  grittiness  in  a  yeast  strain  can  be  overcome  by 
periodical  additions  of  the  feed  wort  instead  of  the  usual  continuous 
feeding-in  method.®®  While  some  earlier  workers  attributed  gritti¬ 
ness  to  the  newly  developed  salts-niolasses  worts,  Koch®"*  pointed 
out  that  it  was  a  characteristic  of  the  yeast  strain  and  independent 
of  the  composition  ol  the  mash.  Grittiness  is  usually  absent  in  the 
early  stages  of  yeast  propagation  and  is  evident  only  near  the  end 
of  the  manufacturing  process.  Change  in  the  electric  charge  on 
the  yeast  cells  has  been  considered  as  a  possible  explanation  of  the 
clumping  phenomenon.  Since  the  cells  normally  carry  a  negative 
charge,  it  has  been  suggested  that  late  in  the  growth  period  some 
cells  enter  a  resting  stage,  becoming  positively  charged  and  thus 
attract  the  negatively  charged  yeast  to  form  clumps.  As  the  pH 
of  the  solution  in  which  the  yeast  is  suspended  is  increased,  a 
reversion  of  charge  on  the  cells  occurs  and  this  fact  also  has  been 
mentioned  as  a  possible  explanation  of  clumping. 

In  addition  to  interrupted  feeding,  the  use  of  mostly  organic 
nutrients  has  been  considered  as  a  possible  remedy  for  grittiness. 
In  practice,  the  selection  of  suitable  strains  has  led  to  pressed  yeast 
that  is  free  from  grittiness. 

The  literature  on  yeast  growth  factors  is  cpiite  extensive  and, 
while  of  only  academic  interest  in  many  instances,  the  yeast  manu¬ 
facturer  may  profit  by  it.  Corn  steep  licjuor,  malt  sprouts,  and  cane 
molasses,  for  example,  are  richer  in  certain  growth  stimulants  than 
beet  molasses.  Some  of  the  beet  molasses  are  more  conducive  to 
high  yields  than  others  irresiiective  of  their  sugar  content.  Prescott 
and  Dunn®^  list  inositol,  pantothenic  acid,  biotin,  thiamin,  and 
beta-alanine  as  growth  stimulants  and  mention  that  growth-promot- 
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ing  conijjlexes  arc  oljtaiiiablc  Ironi  many  natural  sources,  such  as 
molasses,  hydrolyzed  proteins,  and  extracts  ol  plants,  yeast,  malt,  and 
malt  sprouts.  Hayduck,'*”  working  with  cane  sugar  in  a  salts-sugar 
medium,  lountl  that  his  yields  were  strikingly  decreasetl  as  the 
jmrity  ol  the  sugar  increased.  Williams""'  jjateuted  hcta-alanine  and 
related  active  comjjounds  as  growth  promoters.  Benefits  derived 
from  the  combination  ol  beta-alanine  and  asj^artic  acid  were  men¬ 
tioned  and  the  statement  was  made  that  the  results  lound  were 
partly  a  lunction  ol  yeast  strains.  Beta-alanine  hydrochloride, 
according  to  Williams,  was  effective  in  concentrations  ol  as  little  as 
one  part  in  1 2,01)(),0()()  jjarts  ol  medium.  In  another  jjatent,  Eakin 
and  \Vhlliams^'’  covered  the  use  ol  calcium  pantothenate,  “biotic 
acid,’’  and  vitamin  B„  in  yeast  production.  Combinations  containing 
thallium,  zinc,  manganese,  boron,  iron,  copper,  and  iodine  were  also 
claimed  by  them.  Patent  coverings  granted  to  Schultz,  Atkin,  and 
j, j.gyj3,95,9<i  proj>agation  ol  inositol,  beta- 

alanine,  thiamin,  vitamin  Bo  and  a  factor,  11b,  derived  from  cane 
molasses  and  distillery  slops:  lb,,  recovered  by  charcoal  adsorjjtion, 
was  said  to  be  efiective  in  promoting  the  assimilation  by  yeast  ol 
the  nitiogen  of  carbamide  and,  to  a  less  extent,  ol  ammonium  salts. 
V^itamin  B„  was  observed  to  overcome  the  inhibiting  effect  ol 
thiamin  on  the  Gebriider-Mayer  yeast  strain,  ft  has  been  claimed"’ 
that  certain  combinations  ol  amino  acids  adversely  influence  yeast 
growth;  tyrosine  jilus  glycine  was  found  to  produce  ]ioor  growth, 
while  glycine  alone,  or  in  combination  with  phenylalanine,  sup¬ 
ported  normal  growth.  ^ 

Fulmer  a.ul  Husselmani,’*  reportccl  ihe  Imniatior,  „1  veast 
(.nmulams  l,y  heating  a  synthetic  ntetlinni  nntlei  pressure, 'and 
stated,  loi  example,  that  stimulants  restilted  Iroiii  the  healiiiK 

rf  "i  '  ^"><1  aiiimoinniii  salts.  .Sherwood 

and  Fulmer  lound  that  the  henelieial  iiilhieiue  of  annnonitini 
iloride  on  yeast  growth  was  apparent  at  lower  tcinpei atni es  but 
lat  tlie  salt  appeared  to  be  without  effeet  at  d(l”C:.  In  its  active 
emperattire  range,  animoninm  chloride  was  saiel  to  iiurease  bmh 
the  yeast  ciop  and  the  rate  ol  cell  develoiiiiient  it  the  I  •  i  • 
growth  stage,  matheinatical  ee|nations  being  lornnil atcel 

rate  of  cell  prolileiation  hi  Zr  'ii  d, 

.ate  for  the  best  yeast  growth  at  0.,„„l|  Th::,’::;: 
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values  had  an  inhil)it()i\  action.  He  inentionc'd  the  findings  oil 
others  which  indicated  that  phosphates  lavorably  stimulate  fan 
formation  in  yeast.  Thorne, using  synthetic  media,  ohserved 
that  yeast  strain  6479  at  first  assimilated  ammonium  jjhosjjhate  in 
preference  to  amino  acids,  l.ater,  relatively  more  organic  nitrogen 
was  said  to  be  utilized,  esjjecially  in  the  case  of  asj)aragine.  Thorne 
mentioned  that,  during  growth,  the  jirotein  content  in  yeast  is  first 
relatively  high,  hut  is  much  Icjwer  at  the  termination  of  growth. 
I'he  total  excreted  nitrogen  was  said  to  amount  to  14%. 
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CHAPTER  10 


FOOD  AND  FEED  YEAST 

Aver  ill  J.  Wiley 


HISTORY  AND  DEVELOPMENT  OF  THE  INDUSTRY 

Medicinal  uses  ol  yeast  were  reported*"’  to  have  been  known  to 
Hippociates,  to  Pliny  the  Elder,  and  to  others  on  through  to  modern 
times.  While  many  such  uses  and  observations  could  conceivably 
have  been  more  or  less  connected  with  the  treatment  ol  nutritional 
deficiencies,  it  is  difficult  to  determine  when  man  first  attributed 
value  as  a  lood  to  this  protein-  and  vitamin-rich  product.  Whether 
the  nutritional  worth  was  recognized  or  not,  it  certainly  entered  the 
diets  of  many  native  groups  in  the  form  of  fermented  foods  and 
l^everages.  Our  present  concepts,  soundly  based  on  careful  chemical 
analysis,JolIow  Delbruck’s  studies  on  the  nutrition  of  yeast  dating 
fioni^  18/y  He  recognized  tl.e  feeding  valne  of  yeast  cells  and  is 
sanl  to  have  strongly  ativocated  recovery  and  nse  of  waste  yeast 
throngh  the  IHIId's.  Viiltz  and  Bandrexel-  fed  yeast  to  httman 
subjects  ex|ter. mentally  anti  reported  nutritional  advantages  in  141 1 
When  ^V„r,d  Uht.  1  develojred  cr.tical  shortages  of  loor,nd  feeli 
pioteins,  Delhi  tick,  Hayduck.  Wold,  and  their  coworkers  at  the 
Inst.tut  Ittr  Garungsgewtrhe  in  Berlin,  carried  throt.gh  a  research 
Piogran,  w„h  the  expectation  o,  providing  large-voluine  pXu'on 
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of  yeast  food  and  with  residts  whicli  radically  changed  the  methods 
and  snbstrates  for  growing  primary  tyjic  yeasts. 

These  (Terman  workers  developed  a  j^rocess  based  on  an  earlier 
laboratory  study  of  Hayduck  and  Hennenberg''  for  using  the  newly 
available  and  cheap  sources  of  synthetic  ammonia  to  replace  the 
organic  nitrogen  previously  usctl  as  a  nutrient  lor  yeast.  At  about 
the  same  time,  they”  substituted  beet  molasses  lor  the  more  costly 


and  .scarce  grains  as  a  source  of  carbohydrates  lor  yeast  growth  and 
energy.  (Commercial  exj)loitation  ol  the  new  j)rocess  was  rajjidly 
expanded  under  the  wartime  economy,  but  unfortunately  for  the 
newly  built  yeast  plants,  a  critical  shortage  ol  beet  sugar  and  I 
molasses  developed  in  1916  and  forced  shutdowns,  which  prevented 
fidl  realization  ol  the  potentialities  ol  these  important  advances 
until  after  the  close  of  the  war. 

The  molasses-ammonia  jjrocess,  later  adopted  by  the  yeast 
inclustrv  elsewhere  and  with  various  innovations  and  imj)rovements 


to  dit  particidar  j)rotluction  recpiirements,  remains  one  ol  the 
prineijjal  me4^hotls  and  sources  ol  such  jji  imary-type  yeast  piocluction 
as  'may  enter  the  food-  and  feed-yeast  lielcls.  A  modification  ol 
particular"  interest  in  the  bakers’  yeast  field  was  cleveloi)ecl  hy 
HeijkenskjcilcP"  in  Sweden  and  Finland  around  1925  to  1928  and 
involved  processing  spent  sulfite  licpior  to  permit  utilization  ol  the 
hexose  wood  sugars  for  growth  of  Sacclinroniyces  yeast.  Economics 
of  this  bakers’  yeast  |iroce,ss  have  ai^jxirently  not  been  such  as  tc 
permit  it  to  become  an  imimrtant  source  of  yeast  for  direct  human 
and  animal  consumption. 

In  1934,  as  part  of  its  Four  5'ear  Flan,  the  Cierman  governmeni 
set  up  the  Department  for  Economic  Construction,  the  researcl 
program  of  which  included  extensive  study  of  yeast  production  trmi 
wood  sugar  hydrolyzates  and  from  spent  sulfite  licpior  under  the 
general  direction  of  Schwabe.-  Much  of  the  fundamental  researcl 
was  again  carried  out  at  the  Institut  fi.r  (;arungsgewerbc  but  by  i 
new  generation  of  fermentation  biochemists,  under  the  leadeishii 
of  Frofe,s,sor  Fink  and  including  Lechner  and  Just  among  the 
in-incipal  coworkers.  Credit  is  clue  these  men  lor  significant  advance 
in  the  basic  knowledge  and  fundamental  technology  perimttinL 
highly  efficient  conversion  of  wood  sugars  and  waste  carbohydiatc 

in  economical  production  of  food  and  feed  ycxist 

They  based  their  work”’  on  the  original  World  W  a  I  stii 
of  Delbriick  and  developed  certain  of  his  cultures  ol  wild  yeast 
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the  point  where  yeast-cell  substance  of  excej>tionaI  quality  could  be 
grown  in  plant-scale  etpdpinent.  Rajjitl  growth  rates  and  high 
degree  ol  efficiency  were  achieved  in  conversion  of  hexose  and 
pentose  sugars,  acetic  acid,  and  a  variety  of  other  available  carbon 
coinjjounds  to  yeast-cell  sid)stances.  T  hey  worked  with  the  yeast, 
Torulopsis  utilis.  With  characteristic  German  thc^roughness,  this 
research  group  studied  and  published  extensively  cjn  torida-yeast 
jjroduction  problems.  Subjects  studied  ranged  from  composition 


of  the  spent  sulfite  liquor  substrate  to  the  final  assay  and  evaluation 
of  the  dry  yeast  product.  More  than  ninety  papers  by  these  authors 
are  listed  in  the  19.37-1946  Decennial  index  of  Chemical  Abstracts, 
all  ol  which  are  immediately  pertinent  to  this  extended  research 
program. 

Commercial  exploitation  of  this  new  food-  and  feed-yeast 
process  underwent  rajhd  development  with  the  onset  of  World  VV^ar 
fl  in  1939.  Following  initial  pilot-plant-scale  development  in  co- 
ojjeration  with  the  German  yeast  and  wood-sugar  industries,  at 
least  three  different  new  production  systems  reached  the  commercial 
stage  in  Germany.  One  was  sponsored  by  the  jmlp  and  paper  con¬ 
cern,  Zellstoffabrik  Waldhof  and  utilized  a  mechanical  aeration 
system  patented  by  Claus.«  A  second  process  was  developed  bv  the 

and  utilized  the  aeration  system  of  Scholler 

V,’t  ir  ,■«  “"r'  ‘levelop.ne.u  of 

.gel  .usd.  was  ad„|.tecl  by  a.,  associatiou  of  Cie.aua.i  yeast  niau,,. 

la  u.-e,s  to  1940  auti  used  i„  several  torula-yeast  plaut, 

laiacleitzed  the  three  |.rotesses  and  all  were  ainied  at  elhni.iatiou 
u  the  loan,  p.oble.u  by  u.eehanical  means  .ather  than  by  use  of 

Fhaysen,  at  the  I  eddington' Research  Kt-.t-  • 
studied  methods  for  l.rothu tion  of  im.„  i  '7  "" 

■nolasses.  Tre.unJ  „f  the  ye’st  ' 

two  special  strains,  otic  fvar  fh^  'sniation  of 

>0  the  tropics  because  ol  loleranTr  u!  hiiL'"''^. 

Ptotinction  temperatures  and  the  other  fvar  " 

Py  unusually  large  and  easily  cL  r'ilZi’^ 

y  icntntuged  yeast  cells.  A 
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plant  has  been  erected  in  |ainaica  and  is  ie[)orted  to  have  been  in 
j)rodnction  since  1910." 

Similarly  in  Sweden,  intensive  study  ol  process  develo[)men 
was  started  in  1939,  lor  a  portion  ol  which  Rosenqvist  gave  ai 
excellent  description.®”'*'  His  process  utilizes  a  “line”  aeration 
system  similar  in  basic  objectives  to  those  in  Ciermany  and  was  de 
veloped  esj^ecially  lor  use  on  spent  sidfite  liquor  substrates.  A  plan 
ol  this  type  is  untlerstood  to  produce  bakers’  yeast  at  Norrkopingj 
Sweden.  However,  no  j)ublished  record  has  been  lound  ol  conn 
mercialization  ol  that  process  in  the  lood  and  leed  yeast  fields,  ana 
apparently  production  ol  such  yeast  in  Sweden  has  been  large!' 
confined  to  utilization  ol  maximum  amounts  ol  secondary  typ< 
yeast  available  as  an  excess  Irom  the  production  ol  alcohol  or  Iron 
brewing  operations.  Kvidence  ol  continuing  active  inteiest  in  thai 
country  is  gained  in  such  recent  publications  on  lundamental  studie 
as  those  ol  Sperber^”  and  Brahmer.' 

Food  yeast  develo}mients  in  Russia  are  not  well  known,  bu 
interest  in  the  problem  has  been  active  Irom  the  early  UlSO’s.'’-' 
Acquisition  ol  going  plants  in  Russia’s  sphere  ol  Germany  couh 
be  expected  to  bring  plant  design  and  operating  know-how  up  tc 
date  in  the  U.S.S.R. 

In  the  United  States,  prior  to  1942  the  protluction  ol  yeas 
lor  loods  and  lor  animal  teeds  was  largely  confined  to  the  highei 


grade  specialty  products  ol  established  baking-yeast  manutacturei 
and  to  limited  recovery  and  marketing  ol  waste  yeast  by  the  biewin 
industry.  Research  and  development  on  new  processes,  leading  t 
establishment  ol  a  distinct  lood-  and  leed-yeast  industry,  has  bee 
increasingly  active  since  1943.  Wartime  shortages  ol  high-gracl 
piotein  leedstiifts  served,  to  some  extent,  as  an  incentive  lor  sue 
process  development,  but  were  generally  recognized  to  be  ol  shor 
term  duration.  In  this  respect.  United  States  developments  dific 
Irom  those  ol  Germany  and  England.  Most  active  work  m  n 
country  seems  to  have  been  carried  out  lor  the  purpose  o  Imdirr 
long-term  uses  and  outlets  lor  waste  carbohydrates  ol  the  huu 
vegetable,  dairy,  and  lorest  industries.  Alleviation  ol  stream  pol  n 
tion  by  wastes  of  these  types  has  been  an  important 
we  do  have  an  extensive  literature  accruing  Irom  some  ol  tin 
search  much  remains  unpublished  and  may  be  expected  to  con  tun 
in  that  category  because  of  the  highly  competitive  future  outlo 
In  the  more  than  50  years  since  yeast  was  first  produced  a 
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large-scale  lood  and  leed  substance,  a  distinct  industry  has  been 
develojjed.  1  he  recuveiy  and  use  ol  waste  yeasts,  especially  Iroin 
brewing  ojierations,  has  been  highly  develojjed  and  production  has 
been  maintained  lor  years  in  volumes  well  up  in  the  thousands  ol 
tons  annually  in  the  United  States.  Brewers’  yeast  retains  an 
apjireciable  share  ol  the  market  and,  betause  ol  the  low  capital  costs 
involved,  probably  will  continue  to  do  so  as  long  as  its  strictly 
limited  production  capacity  will  meet  the  demand.  In  the  years  im¬ 
mediately  lollowing  World  War  II,  the  j^rimary  grown  yeasts  based 
on  cheap  sources  ol  carbohydrates  began  entering  the  market  in 
expanding  volume.  Food-  and  leed-yeast  plants  built  during  the  war 
in  Germany  and  Switzerland  are  in  j^ostwar  oj^eration  and  their 
production  is  being  supplemented  by  newly  built  plants  in  Finland, 
South  Alrica,  Jamaica,  Formosa  (  Taiwan)  and  the  United  States. 
Othei  plants  are  understood  to  be  under  consitleration  on  a  workl- 
wide  basis  but  especially  in  the  carhohydrate-jnoducing,  protein- 
lamine  areas  ol  the  Far  East. 


SOURCES  OF  FOOD  .AND  FEED  'i’EAST 

^'east  cart  be  and  is  |,ioduced  Iroin  a  wide  variety  ol  raw 
materials  anti  by  many  variations  ol  tbe  f;r<nving  process.  It  seems 
nsehd  to  attempt  some  classifitation  ol  the  principal  sources  of 
yeast  known  to  have  entered  human  food  and  animal  feed  markets 
m  the  United  States  and  Germany,  together  with  such  other 

larger  v  de’^  ^  pilot-plant  or 


Sccoiulaiy  ^casis - 

(^'t•a.sls  recovered  as  a 
liy  prodiiet  from  alcoliol 
lerinenialioii) 


I’rimary  ^■ea.sts  - 

fl’rocessts  designed  to 
produce  yeast  alone  with 
ultimate  efficiency) 


—  Brewers’  Yeast 

— Debit tered  lirewers'  ^'easi 

—  Molas.ses  Distillers’  Yeast 
—(•lain  Distillers’  ^’cast 

(usually  sold  with  dried 
grains  and  solubles) 
-Molas.ses  \east  grown  on; 

Cane  mola.sses 
Beet  molasses 
Corn  sugar  ’’hvdrol” 
-Refermented  Yeasts 

(Secondary  yeast,  usually 
luewers’  regrown  for  a 
generation  or  more  in 
uiolas.se.s) 

-Spent  .Sulfite  I.kjuo,-  Yeast 
"‘)‘’d  Hydrolyzate  Yeast 
-'cast  from  .\gricultural  Wastes 


/  nd  list  rid  I  I'ermenla  t  ions 


‘U2 


(Considered  Ironi  the  standj^oint  of  volume  actually  sold  prior 
to  1950,  the  secondary-type  yeasts  have  been  the  most  important 
source  of  yeast  reaching  the  United  States  food  and  feed  market, 
d'heir  jjrotluction  is  jjrimarily  a  matter  of  economical  methods  for 
collecting  anti  drying  yeast  and  may  involve  the  use  of  central 
drying  plants  when  smaller  breweries  are  concerned.  I  he  e(pn[)- 
ment  requiretl  has  been  atlopted  more  or  less  universally  anti  the 
processing  letpiires  no  tletailetl  tlescrijjtion  here.  I'he  place  of 
brewers’  yeast  in  the  nutritit)n  fieltl  has  been  covered  in  an  excellent 
review  by  Prouty.^’ 

Aside  from  the  technical  atlvaiUages  of  controlling  production 
for  jxirticular  tpialities  of  yeast,  the  importance  of  other  sources  of 
yeast  of  the  primary  type  lies  in  ability  to  supjjly  expanding  markets 
over  and  above  the  limitetl  j)rotluttion  ol  the  brewing  anti  distilling 
intlustries.  Brewers’  yeast  production  has  been  variously  estimated 
at  10,000  to  15,000  tons  maximum  annually  in  the  United  States 
on  a  potential  not  to  exceed  25,000  tons.  In  contrast,  primary-type 
tlry  yeast  in  volumes  exceetling  100,000  tons  annually  coidtl  be 
supplied  from  processing  of  the  carbohytlrates  readily  available  from 
either  molasses  or  sj^ent  sulfite  litpior  anti  potentially  also  irom 
wood  hydrolyzates  anti  agricultural  residues. 

The  sidiject  matter  for  the  following  discussion  is,  therefore, 
narrowed  to  certain,  relatively  new  yeast-production  processes, 
specifically  designed  for  economical  protluction  of  primary  yeasts 
for  the  food  and  animal-feed  markets  and  using  low-cost  sources 
of  carbohytlrates.  In  turn,  the  position  of  these  new  processes  in  the 
industrv  and  their  future  importance  depend  primarily  on  the 
tlegree  io  which  the  market  for  footl  anti  feed  yeasts  tlevelops  over 
and  abtive  the  supply  of  waste  secoiulary-type  yeast. 


RAW  MA  l  ERlALS 

Carbon  compounds  that  can  be  utili/.etl  lor  growth  and  energy 
by  the  various  yeasts  are  diverse  anti  numerous.-  Most  important 
c.nn.ercially  arc  nadnal  by-product  sources  ol  the  hexosc  ant 
oeutosc  sugars  and  of  the  ...ore  or  less  relatol  co,u|K„mds,  such  as. 
acetic  acid  which  .uay  he  directly  or  iutluectly  tler.ved  lioin  then  .. 


(irain 

The  carbohydrates  of  grab,  can  he  usetl  ft,r  food-  and  feed-yeas.: 
,,,oduetiou  but,  under  nortual  coutli.ious,  are  apt  tt,  he  r.tled  out 
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competitive  procliution  because  ol  relatively  high  costs.  In  times  or 
areas  ol  overjjroduction  ol  grain  and  again  in  times  ol  acute  protein 
shortage  or  yeast  tlemand,  these  agricultural  staples  will  be  given 
serious  consideration  and  coukl  lind  extended  use. 

Molasses 

rhe  residual  mother  litpiors  or  molasses  Irom  the  manulacture 
of  cane,  beet,  aiul  corn  stjgars,  all  originally  classilied  as  waste 
products,  have  enjoyed  the  favor  of  bakers’  and  some  primary-type 
yeast  manufacturers.  Especially  has  this  been  true  of  beet  molasses 
because  of  its  widespread  availability,  lo^v  cost,  high  content  of 
mineral  nutrients,  and  the  comparative  ease  with  which  a  color- 
Iree  yeast  jnoduct  could  be  produced  from  it.  Adoption  of  the 
ion-exchange  process  for  recovery  of  more  sugar  could  reduce  the 
amount  of  beet  molasses  entering  the  market.  The  blackstrap 
molasses  of  the  cane-sugar  industry  is  also  used  but,  with  this 
product,  a  greater  degree  of  clarification  is  usually  reqtiired.  Hydrol 
fiom  coin-sugar  manulacture  has  been  of  increasing  interest  in  this 
country  in  recent  years.  Table  30  lists  representative  basic  analyses 
of  these  various  tyjies  of  molasses. 


Spent  Sulfite  Liquor 

Spent  suKite  licpior  is  the  waste  product  of  the  sulfite-ptilihng 
process  in  the  pajier  industry.  It  is  frequently  designated  by  the 
synonyms  S.S.L.,  sulfite  waste  licpior  and  sulfite  lye.  Spent  sulfite 
iquor  has  become  an  inqiortant  source  of  carbohydrates  with  a 
arge  potential  lor  yeast  production.  Ajqnoximately  400  lb  of 
sugar,  or  the  equivalent  iu  the  form  of  carbon  compounds  utilized 
l.y  yeast,  ,s  c.uat.tetl  i„  the  teaste  lic|c„„  chained  Iron,  each  ton  of 
piaxlnced.  With  snifite-pnip  niantilac ttne  averaeine  .note 
than  5(1(1,(1(111  tons  anm.ally  in  the  l(l-yeai  period  « 

sonte  5(KI,()„„  tons  of  sngar  rve.e  wasted  i,,  tl,i  spent  lien  o  enh 
year  m  the  United  States.  '  ^ 

IT  ‘eed-yeast  plant  to  use  this  raw  material  in  the 

United  States  started  production  in  lOIR  i  ‘ei  ... 

capacty  of  ,.5  t.n.s  ,,r\hy  yea  ,  i  y 

.  . 

. . 


I  ABLE  30.  REPRESENTATIVE  ANALYSES  OF  VARIOUS  1  YPES  OF  MOLASSES 

(As-receivcd  basis) 
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depending  on  yeast  market  developments,  there  is  a  possil)ility  ol 
considerable  expansion  oi  production  in  luture  years.  Considered 
from  the  standpoint  ol  producing  yeast  Irom  this  liquor  as  a  method 
of  waste  disposal,  the  cost  ol  sugar  Irom  spent  sulfite  litpior  lies 
chtelly  in  the  expense  of  collecting  and  preparing  the  litjuor  lor 
yeast  growth  and  as  such,  the  substrate  merits  somewhat  more 
discussion  than  would  otherwise  lie  assigned  to  a  source  ol  car¬ 
bohydrates  newly  entering  the  held  and  as  yet  not  fully  evaluated. 

I'he  variation  in  concentration  of  the  waste  liquor  available 
Irom  different  mills  ranges  from  hO  g  to  150  g  of  solids  per  1.  7'he 
approximate  composition  shown  in  Table  31  varies  somewhat  with 
the  kind  ol  wood  used  and  the  method  and  degree  of  cooking  in  the 
pulping  process.  Hardwoods  have  a  higher  projiortion  of  sugars, 
running  uji  to  3%  in  liquors  of  similar  dilution.  The  kinds  ol 
sugar  are  also  a  function  of  the  wood  used.  Softwoods  yield  a 
product  with  total  sugar  ol  about  75%  hexose,  largely  mannose. 
Liquors  from  hartlwoods,  such  as  beech  and  poplar,  may  have  as 
much  as  70%  pentose  sugars,  mostly  in  the  form  of  xylose.  Hard¬ 
wood  liquors  are  also  characterized  l)y  higher  content  of  acetic  acid. 


Table  31.  COMPOSITION  OF  SPENT  SULFITE  LIOUORS 
FROM  SPRUCE  WOOD" 


Neutralized  solids 
I'otal  sugar  (as  glucose) 

Hexose 

I’entose 

Volatile  acids  (as  acetic) 

Sulfur  (all  forms  as  SO.,) 

Total  inorganic  (free  SO,,) 
Organic  (loosely  coinhined  SO,,) 
I.ignin  (as  lignosulfonate) 

(ailcium 

Mistellaneous  compounds, 

solvents,  aldehydes,  uronic  acids 
hH  l.,f)  -  3,0 

*  V  ariation  of  composition  in 


C.rams  per  liter 

100 
1")  - 

11-10 
4  -  () 

2-5 
.S  -  10 

0.5  -  2.5 
‘5.0  -  5.0 

50  -  (55 
7  -  10 

2  -  5 


same  solid  concentration. 


resms,  etc. 

liquorsTTThc 


With  very  lew  exeepliens,  these  spent  li<|n„rs  retinire  nrelre-.i 
mem  belore  nse  as  a  metlinn,  I,,,  veasi  orowih  S„,  h 

. . 


Industrial  Vermentntions 


Sl(') 


pouiuls  known  to  have  dclcierions  cllcds  on  growth  ol  inicro- 
organisins  or  l)lo(king  cllects  on  cn/.yine  systems  are  known  to  l)e 
jjiesent.  The  standard  European  jiroeess, generally  adojjted  in 
Ciermany  for  pretreatment  ol  the  licpior,  is  based  on  lime  neutraliza¬ 
tion  anti  usually  involves  aeration  of  the  iiot  litpior  just  before  the 
liming  stejx  (;it)se  control  of  j)H  and  subse([uent  clarification  by 
settling  for  12  lumrs  or  more,  with  or  without  phosphating,  precede 
cooling  and  final  use  of  the  protluct.  In  the  United  States,  steam 
stripjiing  has  been  lavored  for  removal  ol  the  sullur  dioxitle. 


W  otxl  Hydrolyzale 

1  he  sugar  tlerived  Irom  waste  wood  by  the  Scholler  and  the 
Ifergius  j>rocesses  and  by  their  principal  modifications  have  been 
widely  advocatetl  as  a  source  of  lermentation  carbohydrates.  (x)m- 
mercial  jilants  have  been  built  and  were  oj^erated  extensively  in 
Ciermany  and  Switzerland  before  and  during  Whirld  War  11.^^  A 
modifietl  Scholler  jjrocess,  developed  by  the  Unitetl  States  Forest 
Products  Laboratory,  was  operated  commercially  in  conjunction 
with  an  alcohol  jdant  for  a  brief  jjostwar  period  at  Springfield, 
Oregon. However,  high  capital  charges,  combined  with  lack  of 
profitable  use  for  the  chief  by-product,  lignin,  have  pi  even  ted 
economical  jjroduction  ol  sugar  and  such  plants  have,  in  most  cases, 
operated  only  under  government  subsidy.  Even  so,  the  huge 
j)otential  sujjply  of  fermentable  carbohydrates  from  such  sources 
can  hardly  be  ignored  in  view  of  the  active  research  and  develop¬ 
ment  programs  in  progress  and  also  when  consideiiiig  the  huge 
volume  of  excellent-cpiality  yeast  actually  produced  from  this  source 
in  Ciermaiiy  during  World  War  If. 


Aijrieiillural  Wastes 

^^ucll  study  luis  Ijcen  devoted  to  the  utdi/atiou  ol  vegetaltlc, 
fruit,  anti  daily  wastes  as  a  source  of  earhohytlrates  lor  yeast 
production. 

Whey  has  been  extensively  studied  in  (fermaiiy  and  a  newly 
constructed  plant  is  oiierating  lor  production  of  high-grade  specialty 
yeast  products  Irom  this  source  on  a  commercial  scale  in  the  Umtcc 
States.  Carbohydrates  from  whey  can  be  expected  to  be  relative  y 
expensive  due  to  the  cost  of  collection  from  scattered  small  sources 
of  supjdv.  However,  high  cost  of  the  sugar  (ould  be  partially  o  se 
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by  supplementary  content  of  pliosphoriis  and  other  yeast  nutrients 
in  whey. 

Potatoes,  especially  cull  and  surj^lus  stocks,  have  potential  value 
as  a  source  of  sugar  lor  yeast  growth.  At  least  one  plant  was  rejiorted 
t^)  have  used  jjotatoes  in  Germany. 

(atrus  peel  hydrolyzates  as  substrates  lor  yeast  growth  are 
being  studied  on  a  jjlant  scale  in  Florida  and  Texas.  No  jjlants  tor 
commercial  j)roduction  are  known. 

fruit  wastes  as  a  source  of  carbon  conijjounds  for  yeast  growth 
have  been  studied  by  the  Western  Regional  Research  Laboratory.*' 
Pear  wastes  have  been  used  for  jnlot-scalc  yeast  production  over  a 
period  of  several  years  at  Olympia,  Washington. 

In  general,  it  may  be  concluded  that  agricultural  wastes  may 
serve  as  excellent  substrates  for  yeast  growth  but  are  handicapped 
in  many  instances  by  the  costs  ol  collectic^n  and  ol  pretreatment 
and  by  the  unlavorable  factor  ol  seasonable  supjjly  which  does  not 
allow  leady  amortization  ol  heavy  ca])ital  investment. 


F F R  I EN 1  1  ON  M EG H N 1 S MS 

I  he  eonipiex  reactions  by  which  sugars,  nitrogen,  phosnliortis, 
potasstuin,  and  minor  trace  elements  mav  lie  converted  by  yeast  to 
netv  cell  snbstance  are  not  as  well  nn<lerstood  as  are  those  involved 
m  the  mechanism  ol  alcoholic  lermentation  (see  Chapter  '->)  The 
hindamental  suitlies  ol  Elfrotit,-  Claassen,-  liralmier,'  Fink,-  and 
■Spei  her  <io  give  us  a  general  pictine  which  seems  to  be  agreed  on 
hy  most  atithorities.  The  known  totirse  of  reaetiotis  has  beem 
espectally  well  described  by  ,Schmidi,»=  who  shows  that  the  sugars 
list  undergo  a  phosphorylation  and  splitting  to  tlnee-carbon  com 
potinds  and  theti  to  two-carbon  conipoiitKls,  ethvi  alcohol  acetic 
a<i<l.  aiul  acetaldehyde.  I  hese  reactions  are  siimmarired  very  brielly 

II-  ( -.i-.SCagf; 

III.  (i^-.Slagc: 


('d«..M„(l’0,Hj^.+  H.o 
•'’iigai'  <li|)li<),sj)lialc‘ 

I’lio.splioglyccra'ldchvdc 

I’viuvic  acid 

->c;h^c;h()  +  (:() 
Acetaldehvdc 


For  synthesis  of  new  carbohvdr  up /vd I  i 

are  thought  to  be  reversed  Fink  '  i  i  these  reactions 

. . 
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acetaldehyde,  are  each  suitable  as  a  sole  source  ol  carbon  lor  coni- 
j)lete  yeast  growth  and  thus,  amino  acids,  lats,  enzymes  and  other 
carbon-containing  cellular  components  can  also  be  synthesized  irom 
these  original  C,.  compounds. 

d'his  briel  summary  leaves  much  to  the  imagination.  W^e  know 
that  the  nitrogenous  Iraction  ol  the  yeast  cell  is  largely  composed  ol 
enzyme  jjrotein  and  enzymologists  recognize  hundreds  ol  separate 
enzyme  entities,  each  with  its  individual  capacity  lor  bringing  about 
one  or  more  ol  the  multitude  ol  anabolic  and  catabolic  reactions 
incident  to  lile  and  death  ol  the  yeast  cell. 

Large  amounts  ol  eneigy  Irom  the  carbohydrate  lood  in  the 
sid)strate  are  (onsumed  in  the  synthetic  j^rocesses  and  both 
theoretical  and  practical  (piestions  arise  as  to  how  much  yeast  can  be 
produced  Irom  a  given  amount  ol  carbon  compound.  Fink,  Sperber 
and  Brahmer  in  their  publications  have  shown  that  ol  each  100  lb  ol 
glucose  used  by  yeast,  something  over  19  lb  but  less  than  59  lb  ol 
drv  yeast  were  produced  under  ideal  conditions.  The  ex<ict  amount 
between  these  limits  remains  to  be  agreed  on. 

Interpretation  ol  the  results  ol  commercial  yeast  pioduttion 
is  sometimes  coni  using  on  this  jx^int,  since  it  is  not  uncommon  to 
report  the  dry-yeast  yield  on  the  basis  ol  sugar  content  with  figures 
running  to  65  or  70%  Irom  some  substrates.  Such  media  invariably 
can  be  lound  to  contain  more  or  less  nonsugar  carbon  compounds, 
such  as  acetic  acid,  which  may  also  be  utilized  by  the  yeast. 


CllLl  LiRFS  AND  I  HFIR  MAIN  FFNANCIE 
Several  varieties  ol  yeast  and  yeastlike  organisms  have  been 
advanced  as  suitable  lor  use  as  lood  and  Iced  material.  More  are 
bciiiK  nroposfil  as  oui  k.icnvleclsc  of  H'c  sulijecl  cxpaiuls.  Most 
l,ave  tlesinil.lc  growth  t  litti  tit  tet  istics.  However,  t.  good  nttiiiy  »1 
titese  vttriot.s  otga.iisnrs  have  leccivecl  rallier  sketchy  st„<  y  hont 
the  sttintll.oiiit  ol  their  desirahility  as  a  local  ami  leeci  stihstame. 
\s  siteh,  the  iiitmher  of  organisms  which  we  can  tiame  as  kmnni  to 
l,e  siiitahle  lot  Itse  in  this  lieltl  is  not  so  large  as  tt  ts  hkely  to 

become  in  luture  years. 


Saeeharoniyees  eerevisiae 

The  widely  stndied  trne  yeast,  Sanhnrowyces  ceyevmae  has 
long  heen  aece|,ted  in  the  indnsttial  held  and  ^ 

secemdary  yeasts  entering  the  food  attd  feed  tnatket  ate  ohtanttd  ) 
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recovery  ol  this  organism.  T  hose  jjrimary  grown  yeasts  obtained  Ijy 
regrowth  ol  secondary  yeasts  also  derive  largely  Iroin  the  same 
source.  disadvantage  ol  the  Sarc/iaromyces  yeasts  lies  in  the 
tendency  to  ntili/e  only  the  mote  expensive  types  ol  snbstrates  lor 
growth. 


Torulopsis  iitilis  (C.aiidida  iitilis) 

Other  organisms  began  to  receive  attention  at  the  time  ol 
Delbrnck’s  studies  in  1915,  but  his  cidtiires  were  not  hdly  evaluated 
until  the  investigations  ol  Fink  and  Lechner  disclosed  the  lidl  sig¬ 
nificance  of  the  pentose-ntilizing  projK'rties  ol  Torulopsis  uti/isj 
{Author’s  Note.  I'he  generic  classification  ol  Torulopsis  utili^ 
caused  considerable  confusion  since  the  isolation  and  sttidy  of  the 
“Mineral  Yeast  of  Hayduck  and  Haehn”  in  1922.  Lodder’s  1952 
taxonomic  study  “7  he  Yeasts”  places  the  organism  in  the  genus 
Candida  “because  ol  evidence  lor  fcjrmation  of  a  pseudomycelitim 
under  anaerobic  conditions.”  Use  of  the  name  Candida  is  being 
investigated  by  a  committee  appointed  by  the  Seventh  International 
botanical  Congress.  In  the  meantime,  it  seems  best  to  retain  the 
industrial  usage  of  Torulopsis  utilis  and  the  trade  name  “torula 
yeast”  until  official  action  settles  the  question.)  Fhis  organism  has 
since  been  the  subject  of  much  attention  by  nutritionists,\nicrobiol- 
ogists,  and  fermentation  biochemists.  Dry  torula  yeast  has  been 
accepted  officially  or  tentatively  as  a  wholesome  food  and  feetl  by 
regulatory  organizations  in  this  and  other  countries.  Most  of  the 
authentic  strains  studied  in  the  United  States  ap]iarently  derive 
dnectly  or  indirectly  Irom  a  parent  stotk  sent  to  the  University  of 
isconsin  by  Hergius  (Wisconsin  culture  No.  3)  and  also  main- 
vunm  1m  ^  l^egional  Research  Laboratory  (NRRL 

-  ).  ^  Torido/WM- (ultiires  ()f  I'haysen  (NRRl 

V  H«2  an.l  NRR,.  V„«,)  a,e  pc, Laps  „ex,  in  nnpn.nnuc  ‘ 

Ma.nlename  ol  forulapm  ulilis  cnltuics  is  roucinely  caiiicci 

<H.  by  accepted  technitines  of  seal  t.ansle.-  an, I  with  little  evidence 

ol  mstabdtty  va.tattnn.  The  lyophiR.  process-  I, as  l,ccn  lonnd 

o  ,e  an  excc  lent,  labor-saving  method  „|  maintaining  stock  over 
long  periods  ol  time.  ^  Jjtotk  o\ei 

Two  other  organisms,  Candida  arhorea  and  / 

have  been  produced  on  a  commercial  scale  in  Cerm  V, 

a.  least  the  f.rst  has  been  exte,,sively  st  .h  I  i  "m' 

in  the  United  States.  ^  laboratory  .scale 
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Candida  arhorea 

Tliis  organism  seems  also  to  have  been  relerred  to  l)y  the  name 
Monilia  Candida  and  was  grown  at  the  1.  (i.  Farl)enindnstrie  plants 
at  Woollen  and  Bitterleld  in  (k-rmany.  ddie  utili/.ation  ol  pentoses 
and  other  desirable  lermentation  characteristics  make  it  almost  as 
lavorable  lor  industrial  use  as  T.  uiili.s.  Its  ability  to  maintain 
culture  jjurity  in  open  continuous-leed  cultivation  has  been  cpies- 
tioned,  however. 


Oidiuin  lactic 

Oidiinn  lactis  {Oospora  lactis;  Geotrichium  candidinn)  wim  used 
in  the  so-called  Micjsyn  process  at  Wildshausen  and  at  Lenzing  and 
was  also  considered  seriously  lor  use  by  I.  G.  Farbenindustrie  at 
other  locations.  Proj)onents  based  their  claims  lor  advantages  ol 
this  organism  on  the  ease  with  which  it  could  be  sejiarated,  washed, 
and  dried  with  inexpensive  ecpiipment.  It  was  ho[)ed  the  threadlike 
mycelial  lorm  ol  growth  would  permit  fdtration  and  washing  on 
ordinary  screens.  A  disadvantage  lay  in  the  appreciable  content  ol 
indigestible  chitin  in  the  cell  substance.  Its  Avicle  use  and  accept»mce 
in  the  loot!  and  leetl  fields  seems  cjuestionable. 

variety  ol  other  organisms  has  been  proposed  or  rejiorted  to 
have  advantages  lor  use  as  a  loocl  or  as  an  animal  leetl.  1  he 
mycelium  remaining  Irom  production  ol  penicillin  and  othei  anti¬ 
biotics  has  been  used  in  animal  leeds  in  this  countiy.  The  lesiducs 
and  bacterial  cell  substance  Irom  the  acetone-butanol  lermentation 
also  are  known  to  have  values  in  this  resiiect  tpiite  aside  irom  the 
high  ribollavin  content. 


DFVKLOPMFNl  OF  GUl.l  UKFS  1  ()  1  HF  PLAN  I  STACiE 
One  ol  the  remarkable  leatures  ol  torula-yeast  production  Irom 
spent  sulfite  litpior  has  been  the  ease  with  which  large  lermentation 
plants  may  be  inoculated  and  maintained  in  continuous  operation 
with  apparent  Ireedom  Irom  serious  contamination  jiroblems.  Few 
ol  the  (;erman  torula-yeast  lactories  are  known  to  have  been 
eciuipped  with  the  elaborate  pure-culture  systems  customary  m  the 
lermentation  industry.  Such  systems  apparently  were  used  on  y  lor 
initial  start-ups  and  alter  prolonged  shutdowns,  and  prclenec 
practice  seems  to  have  involved  inoculation  with  yeast  cream  m 
yeast  paste  brought  in  Irom  other  plants  or  pure  culture  plants, 
such  as  that  maintained  at  the  Institut  liir  Garungsgewerbe. 
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\'ery  lew  niicroorgaiiisins  grow  as  lapitlly  or  arc  al^le  to  syii- 
thesi/e  all  growth  retjuireiiients  Irom  simple  compounds  so  com¬ 
pletely  as  does  Toriilopsis  utilis.  Candida  arborea  duplicates  the 
growth  characteristics  ol  T.  ntilis  rather  closely  and  is  apparently 
tlic  organism  most  commonly  observed  in  association  with  it. 
Appreciable  bacterial  contamination  is  abnormal  with  properly 
controlled,  continuously  letl  torida-yeast  growth  and,  il  found,  is 
usually  coupled  witli  interruptions  in  operating  routine  or  with 
lapse  in  jjropei  sanitary-jdant  design  and  practices.  Virus  or  phage 
inlection  Avhich  plagues  some  bacterial  fermentations  is  ajjj)arently 
unknown  in  yeast  ]>lant  operation. 


REQUIRE.MENl'S  FOR  PRODUC  l  lON  OF  1  ORULA-l'VPE 

FOOD  AND  FEED  YEAST 

1  he  use  ol  suitable  sources  ot  low-cost  carbohydrates  is  only 
one  of  numerous  factors  of  j^rime  importance  in  the  efficient  pro¬ 
duction  ol  yeast.  Very  close  control  ol  growth  conditions  must  be 
maintained  continuously.  These  requirements  are  so  exacting  as 
to  provide  a  lertile  held  for  automatic  control  through  modern 
Instrumentation. 

Basically  the  process  consists  ol  establishing  active  yeast  growth 
m  the  fermentor,  followed  by  feeding  of  carbohydrates  and  sources 
ol  nitrogen,  ]diosphorus,  and  ixitassium,  at  increasing  rates,  until 
the  maximum  degree  of  yeast  growth  is  maintained  continuously 
at  optimum  rates  lor  the  particular  substrate  being  used.  iMaximum 
elficiency  in  the  yeast  growth  seems  to  be  best  achieved  in  the  so- 
called  “hue”  or  “emulsion”  types  of  aeration  and  accompanied  by 
considerable  agitation.  The  exact  cpiantities  and  qualities  of 
aciation  and  agitation  vary  with  the  particular  substrate.  Once  the 
continuous  phase  is  established  the  yeast-containing  effluent  or 
l^eer  is  withdrawn  at  rates  and  volumes  equaling  that  of  the  sub 
-ate  being  fed.  Under  ideal  conditions,  coniiii^cial  fer  cm^ 
iK^e^been  operated  for  months  without  need  for  reinoculatn in  ^ 


The  (  oiuentration  of  Sugars  and  Their  Rate  of  Feed 

from  the  start  of  yeast  growth,  a  inimary  objective  is  to  Ur*  I 
sugars  and  other  compounds  utilized  lot  yeast  growth  it  surf 
n,ax,„u,n.  ,ates  ol  .epnxluc.io,, 

san,e  t.n.e  nu,i,uaini„g  co.ue.unui.Ls  o/ ,ho'  nsallk 
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carbon  conipouncls  in  tlie  rcrincnloi.  In  eftect,  it  seems  desirable- 
almost  to  starve  the  growing  yeast  but  never  to  allow  actual  short¬ 
ages  to  occur  over  and  above  the  amounts  that  can  l)e  utili/ed. 

The  methods  of  controlling  the  sugar  feeding  may  vary  with 
the  yeast  plant.  I'he  Cierman  Waldhof  ])lants  use  a  tjuick  methcxi 
of  analysis  of  total  reducing  sid)stances/^  while  Thaysen**^  and 
Read,^“  in  their  pilot  and  semicommercial  operations  used  a  raj^id 
method  of  determining  the  yeast  in  the  fermentor  and  calculated 
from  it  the  amount  of  sugar  such  amounts  c^f  yeast  shoidd  be  capable 
of  using. 


The  Air  Supply 

The  amount  of  air  suj)])lied  to  the  fermentor  and  the  manner  o 
its  distribution  are  well  known  to  be  critical  factors  in  yeas 
production  efficiency  by  any  process.  This  is  especially  true  whei 
working  with  loamy  wood  sugar  solutions,  such  as  spent  sulfite 
liquor.  I)e  becze  and  Liebmann’  have  reviewed  this  subject  will 
special  reference  to  molasses  substrates.  Porous  stone  diffusers 
which  deliver  air  in  very  small  bubbles,  have  been  quite  successfu 
and  the  pilot  j>lants  developed  by  Thaysen  in  England  and  by  Ranc 
in  South  Africa  were  both  so  equipped.  The  value  of  mechanical 
“fine”  aeration  systems  in  molasses  plants  has  not  been  so  wel 
reviewed  in  the  literature.  However,  the  wood  sugar  solutions  hav« 
tindesirable  foaming  properties  which  seem  to  prevent  adequate 
aeration  by  systems  other  than  those  based  on  the  jjiinciple  o 
emnlsion  aeration  by  mechanical  methods  and  which  also  incor 
porate  mechanical  control  of  foam.  Chemical  defoaming  agent 
have,  in  most  cases,  proved  unsuitable  on  these  sidjstiates. 

By  formation  of  emulsions  having  as  much  as  two  volumes  o 
air  for  each  volume  of  litpiid,  these  mechanical  sysmrns  give  ver 
high  efficiencies  of  gas  transfer  at  the  air-liquid-yeast  interlace. 

The  amount  of  air  required  for  efficient  yeast  growth  is  know 
to  be  critical.  Too  much  air  can  be  accomjianied  by  nicreasc 
carbon  dioxide  respiration,  increased  heat  formation,  and  lowere. 
yeast  yields.  Too  little  air  allows  anaerobic  fermentation  condition 
to  arise  with  loss  of  yeast  yields  in  favor  of  alcohol  prodiKtioi 
Unfortunately,  the  efficiency  of  aeration  is  so  varied  in  differen 
substrates  and  with  differing  types  and  sizes  ol  equipment  as  ■. 
,nake  generalized  specifications  of  air  ’'^^T'i’ements  quite  difficu^^ 
SchmidU”  has  reported  satisfactory  aeration  efficieiuy  \vi 
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of  8  to  10  cu  in  of  air  per  kg  dry  yeast  produced  in  spent  snlfite 
licpior  by  the  VValdhof  aeration  process.  He  compares  this  valtie 
with  amounts  running  three  to  live  times  that  in  the  best  aeration 
systems  used  in  Germany  up  to  1910.  I'hese  figures  seem  to  be  con- 
fir?lied  by  de  IJec/e  and  Liebmann'^  who  showed  minimnm  valties 
etjuivalent  to  35  cii  m  of  air  per  kg  (dry  basis)  in  the  mannfactnre 
of  conijiressed  yeast  from  molasses. 


The  Inorganic  Nutrients 

Yeast  recjuires  nitrogen,  jjhosj:)liorus,  aiul  potassium  in  rela¬ 
tively  large  amounts  and  calcium,  magnesinm,  coj^per,  iron,  and  a 
number  of  other  elements  in  lesser  cpiantities.  Most  substrates  or 
the  dilution  waters  can  provide  a  good  jiart  of  these  elements.  Both 
cane  and  beet  molasses  may  be  especially  valuable  for  yeast  growth 
because  of  their  high  potassium  content.  Appreciable  amounts  of 
phosphorus  and  usable  nitrogen  are  also  present.  Spent  sulfite 
liquor  is  almost  totally  lacking  in  nitrogen,  jihosphorns,  and  potas¬ 
sium  and  some  w'aste  litjuors  are  also  short  ot  magnesium  for 
efficient  growth.  Thus  the  amount  of  nutrients  required  for  yeast 
production  may  be  quite  dependent  on  the  particular  stibstrate  used. 

Working  with  South  African  molasses,  ReacP^’  calculated  a  basic 
requirement,  equivalent  to  5.(14  lb  of  ammonia  and  1.76  lb  of 
phosphorus,  for  each  100  lb  of  95%  dry  yeast. 

German  design  riala  lor  tl,c  W'akihol  Stamlaid  plant,  when 

recalculated  on  the  basis  ol  yiehl  on  the  reducing  suhsta.tccs 

called  lor  8.7  II)  ol  ammonia,  1.2!)  M>  ol  phosphorus,  and  (l.,87  11,  oi 

magrresitnn  per  10(1  11,  „|  dry  yeast.  Karlier  experience  with  the 

\\aldho  proce.ss  in  l!M0.|!M2  had  shown  need  lor  about  twice  as 
much  phosphorus. 

Special  yeast  products,  sttch  as  high-htt  yeasts  itse  tlillerent 
nunent  tptant.t.es  that,  ate  indicated  here  lor  a  nor.nal  high 
notein  yeast.  The  reader  .shoultl  consult  the  extensive  natent 
I—  lor  more  detail  on  uutriet.t  retpttre,net,ts  Lr'  mch 


The  exact  lortn  in  which  the  inorgattic  eletnents  are  suuulicd  is 
dependent  on  cos.  atnl  availability  atnl  o„  their  eftect  on  growth. 

Temperature  Control 

Aerobic  growth  of  yeast  is  accompanied  bv  tb^  in 

large  amounts  of  heat,  so  that  it  is  very  innxirt  nu  to 

}  I'upoitant  to  locate  veast 
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lactories  where  suitable  su|)|>lies  ol  cooling  water  are  available. 
S(  bniidt'*''’  showed  aj)pretiable  diderences  in  heat  liberation  by 
diflerent  substrates  and  attributed  the  ellect  in  one  case  to  a  diHerent 
fermentation  mechanism  in  the  utilization  of  pentoses  accompanied 
by  formation  of  nonntili/.ed  intermediates  and  the  loss  of  more 
energy  in  the  form  of  heat  (see  T  able  32). 


1  Ain.F.  32.  Heat  Liberated  by  Yeast  (rroii'tli  on  I’arious  Substrates 
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T  he  maintenance  of  an  even  temperature  in  the  fermentor  is 
recognized  to  be  a  prime  factor  in  ehicient  yeast  growth  in  the 
cc^ntinnons  phase.  For  normal  growth  of  tornla  yeast,  the  tem- 
jjeratnre  should  be  maintained  dosely  in  the  range  of  32°  to  34°C, 
according  to  Schmidt.  He  found  that  increasing  the  temperature  to 
34°  to  3()°C  reduced  yeast  yields  by  5%  and  a  temperature  of  38°C: 
produced  15%  decreases.  He  noted  that  yeast  reqiured  several  days 
to  recover  from  heat  shocks  above  38°Ck 

T'haysen'*'^  also  emphasized  these  factors,  but  his  development  of 
the  “thermophilic”  strain  of  T.  utilis  permitted  ojnimum  tem¬ 
peratures  in  the  range  of  3r)°  to  39°C  and  this  factor  is  claimed 
to  make  plant  operation  in  the  tropics  much  more  feasible. 


(Control  of  pH 

TTie  control  of  pH  can  be  (juite  important  from  a  number  ol 
standpoints.  Normally  T.  utilis  plants  operate  in  the  j^ff  range  oi 
-1.5  to  ().(),  with  the  lower  j)H  levels  used  where  higher-temperature 
ojjeration  is  reejuired  and  where  the  sugars  are  fed  in  higher  con¬ 
centrations.  Bacterial  contamination  can  enter  the  j)icture  at  high 
pH  and  high  temperature,  and  with  the  long  holding  times  tor 
given  quantities  of  liquid  substrate  which  usually  accompany  in¬ 
creases  in  sugar  coucentration  above  2%  m  the  medium. 

T  he  pH  for  oj)eration  may  be  controlled  according  to  accepted 
practices.  A  commonly  iiseil  method  involves  calculated  addition 
of  .salts  having  acid  or  basic  radicals  not  utilized  by  the  yeast  as  a 
nutrient.  As  an  example  of  this  practice  the  degree  ol  acidity  may 
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l)e  increased  by  teeding  aninioniuni  sidphaie,  a  sail  whicli  leaves  the 
suHate  ion  in  solution  alter  the  annnoniuin  ion  has  been  consumed 
as  a  nutrient. 


N  PROCESSES  EOR  PRODCCINCi  PRLAL\RY-TYPE 
EORULA  FOOD  AND  FEED  YEASTS 

The  well-organized  and  detailed  investigation  ol  German 
industry  immediately  lollowing  World  War  II  has  given  ns  imusnal 
ojijjortimities  to  gain  knowledge  which  might  otherwise  have  been 
disseminated  slowly  and  j)iecemeal,  il  at  all.  large  gajj  jjrevailed 
between  the  basic  knowledge  covered  in  the  extensive  publications 
ol  Fink,  Lechner,  and  Just  and  the  industrial  practice  of  firms,  such 
as  W^aldhol  and  I.  G.  Farbenindustrie.  Many  years  ol  expensive 
pilot-plant  investigation  might  have  been  required  to  tluj>licate  the 
findings  of  the  research  teams. 

There  has  also  been  a  generous  jjolicy  ol  pid)lication  by  the 
English  Colonial  Office  in  its  description  of  the  work  carried  on 
by  Thaysen  and  associates  to  develop  the  yeast  plant  for  Jamaica. 
1  he  same  can  be  said  for  pajiers  describing  new  molasses  yeast 
jdants  in  South  Africa  and  the  United  States. 


riie  alilhof  Standard  Process 

Ehe  unique  features  of  the  original  Waldhof  jnocess  are 
based  oii  the  jiatents  of  Claus,®  Neuman,^-'  Schmidt,'*®  and  Gade  and 
Schulze.'®  I  here  have  been  modifications  and  improvements  as 
commercial  experience  was  gained  and  the  “standard”  design  the 
Ijasic  principles  of  which  are  described  here,  is  said  to  haVe’also 
included  some  ol  the  best  features  of  the  I.  G.  Farbenindustrie 
experience.  Aiipaijntly  the  cooperative  design  work  originated  from 
e  desiie  ol  the  German  government  to  establish  the  best  system 

i-nei,, 

T  he  VVahihol  plains,  loi  the  most  pan.  used  heeehwood  sulfite 
iHlNor  as  die  siihsliate.  but  operated  etpially  well  on  sprttee  wood 
*pei.t  htpior  aiKl  on  the  pentose-eoii.ainiitg  stillage  alter  piocer.e 
spiute-wood  spent  iKpior  hy  the  alcoholic  fci mcnfition  \Vh  ^ 

. 

— :,K 
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neutralized  with  lime,  using  aeration  ior  agitating  and  mixing,  and 
finally  sent  to  hot-liquor  storage  alter  clarification  tor  8  hours  or 
more.  The  licjuor  thus  pretreated  had  a  jjH  of  5.0  to  5.5. 

The  flowsheet  in  Figure  53  outlines  the  individual  operations 
ill  the  yeast  process  from  this  jioint  on.  The  steps  covered  in  the 
flowsheet  include  continuous  feeding  of  the  waste  liquor,  ammonia, 
and  nutrient  solution  to  the  fermentor  where  they  are  aerated  in 
the  emulsified  state  for  optimum  yeast  growth.  Simultaneously,  the 
foamy,  yeast-containing  beer  is  withdrawn  from  the  bottom  of  the 
fermentor,  defoametl  in  a  special  centrifuge,  screened,  and  the  yeast 
separated  centrifugally  as  a  thin  cream.  Fhe  cream  then  passes 
to  a  vacuum  drum  filter  for  a  combined  washing  and  dehydration 
step.  The  jiaste  from  the  filter  is  heated  (autolyzed)  and  pumped  to 
a  double-drum  drier,  from  which  the  yeast  is  deliveretl  as  93  to  95% 
dry  yeast  flakes  or  powder. 

Feeding  the  Fermentor 

The  clear,  hot  liquor  is  pumped  through  a  heaf  exchanger  to 
cool  to  the  desired  temperature,  screened  to  remove  traces  of  pulp 
fibers,  and  then  fed  to  the  yeast-growing  vat  (fermentor)  at  carefidly 
controlled  rates  of  flow. 

Close  control  also  governs  the  calculatetl  Hows  of  aqueous 

ammonia  and  supjilementary  nutrient  salts  solution  fed  to  the 

feimentoi  simultaneously  with  the  sugar-containing  spent  liquor. 

1  he  chief  function  of  the  nutrient  solution  is  to  supply  necessary 

amounts  of  phosphorus  and  potassium.  However,  these  elements 

are  usually  supplied  in  the  form  of  salts  such  as  to  provide  more  or 

less  adjustment  of  the  pH  in  the  fermentor.  Schmidt-^’  considers 

about  5.5  the  optimum  operating  pH  for  beechwood  liquor  in  the 
fermentor.  ’ 

The  Fermenior 

The  leniicmor  (synonyms:  yeasl-growil,  vat,  |no|jagator,  re- 
■Kto.)  nn.t  ,s  the  duel  htit  not  tite  only  novel  leattne  of  the  VValtlhol 
yeast jnoeess.  Recognition  of  ,he  atlvantages  ol  enu.lsihetl  of  ■'Hne' 

Vogenlch.«  the  Anstfia,,  inventor 

of  comhinetl  methotls  lor  loam  coturol  enuilsions  anti 

Tlte  open  tank,  a,  descriheci  by  .Saentan,  Locke,  and  Dicker. 
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nian,^^  is  ecjiiijjpccl  with  a  central  cylinder,  having  the  aeration  unit 
in  the  lorin  ol  a  wheel  at  the  l)ottoni.  The  air  tubes  lonn  the 
j)uinping  vanes  ot  the  aeration  wheel.  Air  passes  into  the  emulsion 
through  the  open  tips  ol  the  air  tubes,  burning  ol  the  wheel  at 
high  jtcripheral  speed  causes  the  newly  introduced  air  to  l)e  dis- 
j)ersed  or  l)eaten  into  the  emulsion.  .\s  the  volume  ol  the  emulsion 
rises  in  the  iermentor,  it  overflows  the  to])  and  flows  down  through 
the  central  cylinder  from  which  it  is  removed  by  the  pumping 
action  also  proiluced  by  the  revolving  aeration  wheel,  d  ims  a  high 
rate  ol  circidation  is  maintained  within  the  Iermentor  and  there  is 
no  opportunity  lor  accumulation  ol  unmanageable  loam  in  the 
properly  operated  units.  The  ])ower  required  lor  aeration  and 
agitation  is  about  0.5  kilowatt  hour  per  pound  ot  dry  yeast.  Per- 
tormance  leatures  and  design  details  ol  a  unit,  duplicating  the 
commercial  models,  have  been  studied  and  described  by  Saeman. 

rhe  high  degree  ot  aeration  efficiency  and  ot  agitation  and 
mixing  action  within  the  Waldhot  Iermentor  permitted  very  rapid 
utilization  ot  sugar.  Holding  times  as  low  as  2.5  houis  wheie  le- 
j)orted  trom  some  sugar  sidistrates.  d  he  standard  plant  was  based  on 
teeding  beechwood  spent  litjuor  at  such  rates  as  to  intioduce  new 
litjuor  in  voltnnes  equal  to  that  ol  the  liquid  capacity  ol  the  tei- 
mentor  each  41/2  hours.  In  this  case,  the  volume  ot  the  airdiquici 
emtdsion  aj)proximated  3.3  times  the  litjuid  volume  aiul  the  tot<il 
tank  volume  was  designed  accordingly.  For  beechwood  lujuor,  tin 
Iermentor  design  called  for  a  diameter  ot  25  tt,  a  height  ot  14.75  It 
and  an  ettective  volume  ot  about  3(i,()00  gal  at  a  working  depth  oC 
10.8  tt.  Low'-pre.sstire  air  tor  the  aeration  unit  was  provided  by  t 
blower  at  rates  up  to  some  900  cu  It  jX'r  minute. 

Cooling  ot  the  Iermentor  (see  Figures  54  and  55)  wars  accom 
j)lished  by  use  ot  internal  stainless  steel  coils  with  a  total  surlacti 
area  ot  1000  s(|  tt  and  also  by  undercooling  the  teed  lujuor. 


DllOAMlNG 

Fhe  eniidsion  drawn  Iroiii  the  Iermentor  was  considered  to  Do 
most  efficiently  ha.nlied  in  yeast  se|,anitois  if  Inst  tieloainetl  tn  ; 
special  hmi/otnal  centiilnsc  (Schainnsclilemlei ).  Hits  was  st 
t'pciatetl  as  to  |.rovitle  last  li(|noi  drainage  to  the  |teii|tliety  anti 
perhalts  tilso  a  degree  of  |>resstire  solution  ol  entrained  gases,  ear 
was  not  retnoved  Irotn  the  li<itiot  in  this  step  as  piacticed 

Waldhot. 
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"N  KAsr  Sfi’ARAhon' 

Doloainccl  Ikjuoi  was  j^assccl  ihiough  a  screen  and  cleli\'ered  lo 
a  numbei  ol  W'estjjlialia  (entriluges  which  concentrated  the  yeast 
to  (ream  having  al)ont  one-tenth  the  volume  ol  the  heei.  Hsnally, 
tlie  yeast  was  washed  by  dilution  and  reconcentration  in  snbsetjiient 


Fh.vkk  51.  Cooling  Coils  and  Draft  Tube  in  an  Empty  Wald/, of 
h e,  mentor  (Courtesy — J.  F.  Saeman) 


tu.nRK  55.  Waldhof  Eermentor  Floor  (Courtesy-J.  F.  Saema 
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centrifuge  operations,  l)ut  tlie  later  standard  plant  design  called 
lor  washing  on  the  filter. 

FtiRTitER  1)f.watkrin(;  of  Yfasi  Crfam 

I'he  yeast  could  then  he  dehydrated  lurther  to  a  paste  running 
about  20%  yeast  solids  by  use  of  rotary  vacuum  filters  so  as  to 
improve  economy  ol  final  drying  steps,  .\ctually,  much  troid)le 
was  experienced  with  operation  and  cleaning  of  drum  filters  and 
other  methods  were  being  developed.  Pavcek"**  refers  to  the  I.  G. 
Farbenindustrie  “Schalschleuder”  which  combined  the  defoaming  of 
Waldhof’s  “Schaumschleuder”  with  large  capacity  for  yeast  recovery 
in  the  form  of  slurry  or  cake  with  20%  solids.  .Another  method  ot 
concentrating  the  yeast  cream  was  seriously  considered  in  W^aldhot 
plants.  This  plan  utilized  sjjecial  steam-heated  evaporation  units 
for  the  combined  purjmse  oi  removing  excess  moisture  from  the 
cream  and  for  short  term  heat  autolysis  of  the  yeast  cells. 

Drying  thf  Vfast 

The  heavy  cream  from  the  centrifugal  yeast  separator  or  the 
heat  autolyzed  licpiid  yeast  from  the  filter  was  dried  either  by  drum 
or  spray  methods.  I'he  drum  driers  seemed  to  be  favored  in  most 

plants. 


The  S.P.M.  Yeast  Process  at  the  Lake 
States  Yeast  Corporation 

.\n  American  modification  ol  the  Waldhol  yeast  piocess  has 
been  described  by  Inskeep,  Wiley,  Holderby,  and  Hughes.^‘  The 
S.IkM.  process  was  developed  by  the  Sulphite  Pulj)  Manufactuieis 
Research  League  and  was  first  placed  in  operation  at  the  plant  ol 
the  Lake  States  Yeast  Camporation,  Rhinelander,  Wisconsin.  A 
second  plant  to  use  the  process  is  expected  to  be  in  operation  by  the 

end  ol  1953. 

Ceruiii  ciisineering  features  sliown  in  Figure  5(i  tliffer  from 
lliuse  »f  liie  warliu.e  VVtiltll.ul  itltuits  it.  Cieiiuauy.  I’leireatmeut 
of  llie  sulfite  lit|uor  involves  stri|)|)ing  of  sulfur  ilioxule  l)y  means  o 
eotinterttirrent  steatu  in  a  parkeil  tower.  I  he  pretrcatei  u|tu)i  is 
tooletl  in  a  s|hral  ty|>e  heat  exthanger  and  pa.ssed  to  the  ^ 

Cooling  of  the  spent  lit|nor-yeast.air  emulsion  is  liy 
and  tnlie  exchanger  rather  than  l.y  internal  tooling  cods  as 

Waldhof  plants. 
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Ainericaii-tyjjc  yeast  separators  are  iisetl  with  simplified  de¬ 
aeration  in  a  cone  unit  to  reduce  the  air  entrainment  in  the 
separator  feed  and  without  need  lor  the  In'gli  power  consnmj>tion 
^f  the  Cierman  ‘‘S( hanmschlender.” 


Ficmr,  5«.  Flow  D.agram  of  S.P.M.  Yeast  Process  at  the  Lake  Stales 

p,„,„  [Rep.i,„ed  by  per,nission 

l,  H  t  ‘  r,  ''  Hol<le.by,  an<l  Hnglies, 

/nd.  £ng.  C//e;n.,  43,  1702  & 
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Extensive  research  has  been  devoted  to  the  S.P.M.  jirocess  for 
improving  efficiency  and  reducing  costs.  Develojunent  of  a  number 
of  tlie  individual  unit  processes  is  continued  while  the  jjlant  is 
being  operated. 


riie  1.  (i.  Farhenindustrie  Process 

.\ctually,  the  various  yeast  jilants  operated  by  the  I.  G.  tarben- 
industrie  used  several  different  fermentation  systems  and  the  more 
recently  built  plants  utilized  the  Wfiddhof  principles.  However,  this 
comjjany  actively  developed  the  automatic  lermentation  system  of 
Scholler  and  SeideP’  and  used  this  design  in  plants  at  Dessau  and 
in  Ems,  Switzerland.  At  least  one  other  such  plant  is  reported  to  be 
operating  in  Finland. 

Novel  features  of  the  process  involve  a  combined  lunction  ot 
aeration  and  cooling  by  means  of  Seidel-type  aeiatois,  with  a 
secondary  pumjjing  action  operating  on  the  principle  ot  aii  lilts 
through  a  numl)er  ol  vertical,  water-jacketed  columns  outside  the 
fermentor.  These  aerator  columns,  in  the  form  ot  large  pipes,  draw 
continuously  from  the  bottom  of  the  large  fermentor  tank  and 


F 


kuikk  57.  of  Yeast  Separators 


Corporation  Plant  (Gourtesy-Lake  States  Yeast  Cor 
poration,  Rhinelander,  Wise.) 
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supply  air  imcler  j^rcssurc  in  finely  clividetl  lonn  tlnoiigh  a  stack  ol 
toothed  rings  in  the  base  of  each.  I  he  residting  air-lift  ellect  raises 
and  chills  the  loamy  emulsion  as  it  passes  to  the  toj:)  of  the  water- 
cooled  aeration  tubes  and  back  over  the  rim  into  the  lermentor. 
I'lie  return  How  at  the  toj>  carries  sufficient  force  to  aid  in  knocking 
down  any  accumulation  of  foam.  A  central  cylinder,  open  at  both 
ends,  promotes  circulation  within  the  lermentor  much  as  in  the 
Waldhol  process,  khis  system  has  been  descrilied  by  Saeman, 
Locke,  and  Dickerman'^  and  further  illustrated  in  rejiorts  by 
Pavcek""  "'’  and  by  bunker. Details  and  economics  of  yeast  jiro- 
duction  by  this  jirocess  are  not  so  well  known  as  for  the  Waldhol 
system  and  such  lepoits  as  are  av'ailable  indicate  need  for  improving 
some  phases  and  unit  jirocesses. 

The  Vogelhusch  Aeration  System 

Early  develojmients  in  the  field  of  mechanical  aeration  systems 
were  patented  in  a  number  of  forms  by  Vogelbusch^-*  and  certain  of 
these  were  adopted  by  the  German  yeast  industry  after  H)3fi.  As 
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practiced  lor  torula-yeast  prcxluction  in  A.schatteiil)urg  yeast  plants, 
this  system  utilized  a  j^erlorated  hollow-blade  projjeller  ol  wide 
diameter  in  the  bottom  ol  the  lermentor.  Air  passing  through  the 
small  holes  in  the  snrlace  oi  the  moving  blade  sheared  into  ex¬ 
tremely  line  bubbles  by  contact  with  the  litjuid  in  the  tank.  Foam¬ 
ing  trouble  with  sulfite  waste  liijnor  substrates  aj^parently  required 
use  ol  supplementary  mechanical  or  chemical  tleloamers  at  times 
and  may  have  interlered  with  lull  yeast-jirodnction  efficiency.  I’his 

system  is  also  ilescribed  bv  Saeman,  Lotke,  and  Dickerman.'*’’ 

/  / 


The  British  Colonial  Fooil-Yeast  Process 

I'he  wartime  exjierimental  program  undertaken  at  the  I'ed- 
dington  Research  Station  has  been  detailed  by  ThayseiC®  and  by 
Bunker.'*  I'he  pilot-scale  studies  in  England  have  since  been  lol- 
lowed  by  construction  and  operation  ol  a  commercial  jjlant  in 
jamaica  and  also  have  been  the  basis  lor  design  ol  semicommercial 
units  in  South  Africa. 

Sugar  used  for  yeast  production  by  these  methods  is  derived 
from  cane  molasses.  The  unit  processes  involved  incorjjorate  modi¬ 
fications  and  imjjrovements  to  more  or  less  standard  bakers’  yeast 
practice,  such  as  to  jiermit  ntili/.ing  the  special  growth  characteristics 
and  advantages  of  Torulopsis  utilis  lor  contimions  production  ol 
food  yeast.  Molasses  is  pretreated  by  dilution,  acidified  with  sulfuric 
acid  to  pH  ‘f.O,  and  heated  to  jnecipitate  calcium  sulfate  and 
suspended  organic  matter.  Stainless-steel  fermentors  have  been 
found  advantageous  because  ol  lessened  solution  ol  inhibitive 
quantities  of  iron.  Aeration  is  accomj)iished  by  passing  compressed 
air  through  porous  ceramic  stones  in  volumes  sufficient  to  strongly 
agitate  the  substrate  and,  at  the  same  time,  meeting  basic  require¬ 
ments  for  very  finely  dividetl  bidibles.  Foaming  has  been  lepoitetl 
to  be  troublesome  at  times  but  manageable  without  resort  to 
mechanical  methods.  Relatively  high  temperatures  are  used  in  the 
range  of  .^b'’  to  with  the  sj)ecial  strain  ol  Torulopsis  utilis  var.. 

tliermopliilia. 

Production  in  famaica  is  nntlerstood  to  have  averaged  about  5i 
tons  of  dry  yeast  daily  during  the  first  year  of  operation  and  re¬ 
finements  are  expected  to  raise  this  figure  to  about  12  tons  a  day. 

Enlarged  facilities  of  the  Food  Yeast  Development  Caimpany, 
Ltd.  at  Merebank,  South  Africa,  has  permitted  production  to  reacli^ 
semicommercial  scale  with  some  l.liOO  lb  of  yeast  a  day.  1  his 
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l)cen  achieved  with  use  of  a  single  small  fcnnentor,  4  It  in  diameter 
and  H)  ft  high.^’’ 

The  (iarnation — Albers  Process 

rorula-yeast  jjrodiution  l)y  an  interesting  new  method  has 
been  carried  out  in  (lalilornia  since  1917  and  culminates  jcjint 
research  and  develojmient  by  the  Carnation  and  the  Albers  Milling 
Companies. Primarily  designed  to  prcKluce  vitamin  and  growth 
lactor  sujjjilements  for  animal  and  poultr)  feeds,  the  yeast  and 
the  fermented  molasses  suljstrates  are  used  without  sejiaration  or 
preliminary  drying  in  the  fortification  of  feeds.  By  this  innovation, 
it  has  been  louncl  possible  to  recover  the  solidjle,  extracellular 
vitamin  products  of  the  yeast  as  well  as  those  retained  within  the 
yeast  cells.  Other  novel  features  include  nuxlein  inclustiial  instru- 
mentatic^n  and  ecjuijiment. 
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A  tlowshccl  ()1  the  process  is  shown  in  Figure  59.  vXnnnoninm 
hydroxide  nutrient  teed  to  the  lennentor  is  closely  regulated  by 
atitoinatic  pFt  control.  .\  portion  ot  the  lennenting  sid)strate  is 
circidated  through  the  j^M-ineasuring  chainher  continuously  and 
the  controller  actuates  a  jjuinp,  teeding  acpia  annnonia  to  hold  the 
pH  within  0.1  unit  ot  the  recpurect  value  set  at  5.0.  Fhe  tem¬ 
perature  and  lic|uicl  levels  are  also  controlled  autcmiatically. 

.\eration  is  carried  out  by  combination  ol  a  conventional  per- 
lorated  l>ipe  gi  id  in  tlie  base  ol  the  lennentor  and  ol  as])irators 
mounted  on  the  closed  lennentor  head.  I  he  as])irators  are  water-jet 
eductors  much  like  oversized  laboratory  lilter  jnimps  (see  Figure 
60).  The  yeast  culture  is  jnimped  tlirough  the  aspirator  system  at  a 
rate  ot  500  gal  j)er  minute  with  sinudtaneous  entrainment  ot  some 
100  cu  It  ot  air  |)er  minute  supi)liecl  under  j)ressure  to  the  pipe  grid 
in  the  bottom  ot  the  lennentor. 


l.„niRK  (id.  r„l,  ol  „  Canuilioo-Alhns  l-enu-nlor.  Showing  Aaw 
tion  Jets  I  Rei)rintecl  by  permission  Irom  a  i)apei 
MacKen/ie,  Noble,  and  I’eppler,  Chemurgic  Digest,  8, 


No.  9,  10  (1919)] 
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F  IELDS  AND  RECOVERY  OE  YEAS  E 

Data  on  yields  ol  yeasi  obtained  in  eoniinereial  production, 
even  wliere  available,  are  somewhat  difficult  to  evaluate  and 
evmpare  closely  on  dillerent  substrates,  because  ol  the  diversity  of 
analytical  methods  and  special  conditions  under  which  they  are 
rejiorted.  Practical  methods  lor  rapid  analytical  control  ol  jilant 
ojierations  necessarily  supjilant  slower  researdi  methods  ol  analysis. 
Thus  most  rejiorts  on  German  jn'oduc  tion  from  spent  sidhte  licpior 
are  based  on  average  yields  of  -f0%  yeast  (95%  dry)  in  terms  of  the 
total  copper-reducing  sidistances.  However,  this  waste  licpior  con¬ 
tains  appreciable  cpiantities  of  nonsngar  reducing  substances,  such 
as  calcium  lignosulfonates,  which  serve  to  reduce  the  reported  yield 
much  below  what  it  would  be  in  terms  of  true  reducing  sugar. 
Further  comjdication  results  from  the  fact  that  most  of  the  practical 
fermentation  substrates  contain  nonsugar  carbon  comjionnds,  such 
as  acetic  acid,  which  can  be  readily  utilized  lor  yeast  jiroduction. 
In  such  cases,  the  yield  of  yeast  on  the  basis  ol  true  sugar  is  high. 

Efficient  yeast  jnoduction  on  either  molasses  or  spent  sulfite 
liquor  can  be  expected  to  utilize  more  than  90%  of  the  true  five- 
and  six-carbon  sugars  jnesent.  Under  such  conditions,  an  over-all 
45%  yield  of  dry  yeast  on  the  sugar  fed  can  be  expected  after  in¬ 
cluding  jirocessing  losses  of  3  to  5%  of  the  yeast  inherent  in 
centrifugal  separation  from  the  spent  beer  and  in  sidjsecpient 
washing  and  drying  operations. 

ANAIA'SES  AND  QUALITY  OE  THE  YEAST 

tood  and  leed  yeasts  derived  from  different  sources  are  snbiect 
to  some  variations  in  individual  cp.alities  and  characteristics  due  to 
ihe  ettecl  ol  the  sul, scale  anil  lo  species  varialions.  but,  wbett  con- 
su  eretl  or.  a„  over-all  basis,  ibey  are  ve,  y  siutila,  i„  ,„„sl  respects 
11m  ts  tttore  a, .parent  when  con, paring  ranges  ol  reportetl  anaivt.eal 
<  a  ,  na.  e  on  a  large  number  ol  yeast  .santples,  such  as  are  shown  it, 
lable  ,  ,b  Close  tttntrol  ol  growth  con.litions  can  be  expected  to 
Rtve  a  la.rly  ttn.lorm  protit.ct  Iron,  anv  veast  „l„„  .„„l  ■  , 

;;-i-.o„s,  the  yeast  pro.htctio.,  |,e  coiri.r.l  (  i  ::  Z 
tics, red  character.sttcs.  Most  pritnary-type  food  „„|  f,.,.,l  , 

tontpositions  resembling  that  ol  bieLe.s'  tb  i'e  I 

exceptions:  The  bitter  bon  resins  ^  ye.tst,  tvith  two 

ctmlent  may  be  somewhat  lowa-t.  '  ^  ll'ianiiit 
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Food-  and  leed-yeast  jjrocesses  were  originally  developed  for 
their  protein  and  amino  acid  values  in  jjeriods  of  food  and  feed 
shortage,  l)nt  the  1910-1950  sales  outlets  in  the  United  States  were 
based  more  on  the  high  concentration  of  the  whole  H  complex  (^f 
vitamins.  Originally,  the  feed-grade  yeasts  were  priced  on  the  basis 
ol  the  ribo(la\'in  content  in  excess  of  40  ^xg  per  gram  on  the  average. 
Other  vitamins  and  yeast  growth  factors  now  are  included  in  the 
leed  sales  j)ictnre,  esjjecially  pantothenic  acid,  choline,  niacin,  and 
})yridoxine.  Somogyi^'  has  given  an  authoritative  review  of  the 
^\•hole  range  of  nutritional  values  recogni/ed  in  yeast  uj^  to  the 


year  1944.  Since  then,  there  have  been  interesting  developments  in 
the  field  of  new  complexes  and  factors  contained  in  yeast.  Among 
these  are  strej)togenin,  glutathione,  and  one  or  more  “unidentified” 
factors  associated  with  the  “whey”  factor  and  the  “animal  j)rotein 
factor”  complex.  Yeasts,  in  general,  tend  to  be  deficient  or  un¬ 
balanced  in  content  of  vitamin  B,..  Sujjplementing  yeast  with  this 
vitamin  in  recent  feeding  experiments  has  altered  and  inijncned 
the  feeding  worth  in  respect  to  methylating  agents,  such  as 
methionine,  choline,  and  betaine. 


RESIDUES  AND  \V^\S7'ES 

Disposal  ol  leniientation.plant  elU, tents  is  olten  a  serious 
Itroltleni.  For  the  two  yeast  suhstrates  consiclered  here  in  the  first 
plate,  the  protittctioti  of  yeast  is  iti  itself  atlvatited  as  a  protnisitn; 
soitttton,  or  |>arttal  soitttion.  of  seriotts  disptisal  prohlenis.  Prte 
potteiits  hope  to  ttttine  the  biological  yeast-cell  syttthcsis  for  roti- 
veis.ot,  ol  sttrpitts  ttttnsed  high-gratle  carhohydrates  ittto  ttseftti 
and  even  pttift.ahle  IckkIs,  feeds,  ttttti  indnstrittl  raw  tnaterials.  In 
h  <a  e  O  spettt  Sttlftte  li<|ttor,  sttch  tttilt/alion  cottid  result  itt 
iaikec  rehel  to  an  tncreasittgly  aettte  streatn-pollt.tion  prohictn 
- Cse  hnge-scttle  econotnical  soitttion  was  previl.t.slv  not  p„  , 

Ins  ,s  titte  to  the  sttgars  in  this  licptor  heing  present  in  snrh  low 
oncenttatto"  as  to  he  ttnecottotnical  for  tttilicittiot,  by  the  older 
ta  ttlaid  lertttenttve  processes,  yet  too  high  for  eHectivc  h 
by  known  dispersal  systems.  liandlmg 

Veasi  production  from  sulfite  r  ■ 

mercial  practice  removes  90  to  9(5%  of  the  efficient  com- 
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hy  more  than  (')0%.  I  hc  exact  degree  ot  b.o.d.j  removal  is  de¬ 
pendent  on  the  variable  content  of  sugar  breakdown  products  and 
other  carbon  compounds  not  utili/.ed  by  yeast. 

Molasses  jnesents  much  the  same  jncture.  It  has  been  an 
enormous  waste-dis}iosal  problem  in  the  past  and  still  can  l)e  in 
times  of  surplus,  d'he  effluent  from  yeast  growth  jirocessing  has 
lost  proportions  of  the  original  pollution  characteristics,  but  still 
retains  high  b.o.d.5  fiom  presence  of  nonsugar  carbon  compounds 
not  utilized  after  yeast  growth. 

While  it  may  not  always  be  a  (omplete  solution  to  pollution 
problems,  yeast  production  })rovitles  a  large  stej)  forward  and 
promises  to  alleviate  the  prol)lcm  to  the  point  wliere  standard 
disposal  processes  can  fiandle  tlie  residual  pollution  properties. 

ECONOMICS  OF  PRODUCINC;  PRIM.\RY-TYPE 
FOOD  AND  FEED  YE.YSTS 


T  fie  relative  newness  of  these  jirocesses  handicajis  detailed  and 
accurate  evaluation  of  the  economics  of  food-  and  feed-yeast  pro¬ 
duction.  ^Var-time  development  in  Germany  and  Switzerland  was 
carried  out  under  conditions  difficult  to  evaluate  even  in  Europe. 
Differences  in  costs  for  lalior,  nutrients,  and  other  large  factois  aie 
so  great  as  to  lie  of  marginal  value  in  interpolation  to  post  World 
War  If  conditions  in  America.  Information  on  production  costs 
in  Jamaica  is  not  yet  availalile  and  the  plant  lor  commercial 
production  of  yeast  from  spent  sidfite  li(|uor  in  Wisconsin,  in  the 
fourth  year  of  operation,  is  still  making  process  alterations  to 
reduce  costs.  Preliminary  engineering  estimates  indicate  the  costs 
of  production  can  be  expected  to  be  somewhere  in  the  range  of  5i 
to  15^  per  pound  from  spent  sulfite  litjuor  and  also  from  molasses  1 
when  the  price  for  molasses  of  50%  sugar  content  is  less  than  10^^ 

per  gallon. 

Ehe  value  of  large-scale  sources  of  food  and  feed  yeast  to  the- 
market  and  the  jnices  to  be  ex|K‘cted  are  also  open  to  cjuestion. 
Under  prevailing  limitations  on  production  capacity  lor  secondaiT- 
tvpe  yeast,  the  market  value  for  feed  grades  has  held  well  above  8^*! 
,K  r  pou.Kl  .luring  un.i  since  Wurl.l  Wur  1 1,  with  a  ceiling  arunndl: 
15(*  per  pound.  Food  grades  of  i>rimary  and  processed  setondar)  ! 
veasts  were  |.rice.i  t„  51^  l-er  poutt.l  an.l  .nnre,  while  spectalt^j., 
nrocincts  for  nhannacemict.l  use  were  |.ricc.l  even  higher.  C.on 
Ikicring  the  lack  of  amhentic  information,  more  ilctatled  .hscn5.sion 
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of  the  economics  of  food-  and  feed-yeast  jjroduction  is  beyond  the 
scope  of  this  chajjter.  SehleeP^  has  made  an  interesting  study  and 
evaluation  of  the  ecotiomics  of  fodder-yeast  jjrodnction  from  sjjent 
snlfite  liquor  for  conditions  aj)plical)lc  to  the  Pat  ilic  Northwest  and 
t)‘ie  reader  is  referretl  to  this. 

PRKSEN4  AND  PROSPECIIVE  USES  EOR 
EOOl)  AND  FEED  YEASTS 

Previous  statements  have  indicated  the  volume  of  jji  imary  food- 
and  feed-yeast  production.  The  relative  imjjortance  of  the  processes 
will  necessarily  be  dejjendent  on  the  size  of  the  market  which  can  be 
developed  for  these  products. 

German  war-time  jnoduction  of  yeast  was  based  primarily  on 
need  for  filling  short  sujjplies  of  jn'otein  foods  and  feeds.  The  yeast 
produced  seemed  to  meet  their  retpiirements  well.  Postwar 
American  jjrotein  markets  are  normally  siq^died  by  long-accepted 
meat  and  dairy  proteins  in  the  food  field  and  by  plant  proteins 
in  the  animal-  and  poultry-feed  fields.  Coinj^etition  by  yeast  will 

have  to  be  based  on  quality  factors  which  are  yet  to  be  recognized 
as  superior. 

English  yeast  production  in  Jamaica  and  that  in  South  Africa 
were  aimed,  Iroin  the  start,  at  eliminating  human  nutritional 
(eiciencies  in  carbohydrate-rich  and  jn otein-stai ved  areas  of  the 
tropics  and  the  Far  East.  Production  seems  to  be  accepted  and 
absorbed  in  increasing  amounts  by  those  channels  to  date.  America 
appaiently  has  only  small  need  for  yeast  in  this  category  for  its  own 

•‘i-  (I)  a  uh  .supple, nemary  source  ol  viuuuius,  ,,,,nvili  la<,„,s 
--.x’e  of  v.uuuius  l'r."u.rid,"uarr..no"r,'\tl''" 

f-i  p,.„,,uc,s;  (.,)  a  sou,-ce  of  vi.a!::;:  ir  pL::,;^ 

somcc  ol  ammo  acids,  protein  fractions,  and  extracts  for  f  ’  l  ‘I 

Pl^armaceutical  use;  (5)  a  source  of  en/vme  materiairf  ' 

uses;  (6)  a  source  for  yeast  nucleic  acid.  (  ^ 

(7)  a  raw  material  for  various  other  fracti '''  uses; 

l-haruiaceutical,  clie.uical,  aud  food  iudust.'C 

A.uc,  ,ca„  uses  for  food  aud  feed  yeasf  expauded  rapidly,  duriug 
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Workl  \Var  II  aiul  almost  reached  the  domestic  cajxuity  ol 
secondary-yeast  source  siipj^ly.  Primary-grown  lood  and  leed  yeast 
has  been  produced  in  increasing  cjuantities  in  tlte  j)ost-war  period 
as  new  and  growing  outlets  lurther  increased  the  demand.  Future 
large-scale  exj)ansion  ol  demand  seems  probable,  especially  il  the 
cost  ol  yeast  tan  be  reduced  materially  Irom  the  levels  existing 
during  and  belore  \\h)rkl  VVkir  II. 
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CHAPTER  1  1 


THE  BUTANOL-ACETONE 
FERMENTATIONS 

ir.  N.  McCiitchan  and  R.  /.  Hickey 


T  he  butanol-acetone  iennentations  are  true  tennentations,  in 
the  sense  that  they  are  anaerobic.  I’he  Iennentations  are  Ijrought 
about  l)y  various  strains  ol  Clostridium  acetobutylicum  and  closely 
1  elated  sjiecies  or  variants.*’  I’he  important  neutral  products  pro¬ 
duced  by  these  organisms  are  n-butyl  alcoliol,  acetone,  and  ethyl 
alcohol.  Systematic  names  lor  these  coinj^ounds  are  1 -butanol, 
propanone,  and  ethanol.  n-Butyl  alcohol  is  sometimes  also  desip- 
nated  mbutanol.  In  the  subsecpient  discussion,  it  will  simply  be 

(ailed  butanol,  with  the  understanding  that  1-butanol  or  n-butvl 
alcohol  IS  always  meant. 

The  iiiuial  Ti,aj„r  ilevelopnieius  <,l  s,„ne  of  these  processes  for 
the  cooverstot,  of  carltoftytlrates  to  htttttttol,  acetotte,  a.tti  etitanol 

ulrld  w7r'’'r  Tr"''  1’"'"'“' 

was  fo,  a  time  of  little  c,,,  ,e  '  ^ 

c<>n«ic..te.l  a  tttaior  ,mohle,,  ,  ,  e  "  ■ -corage  a, ul  tlisposal 
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lacijucrs  lor  the  autoino])ile  and  other  industries.  .Veetone  became 
an  item  ol  secondary  importance. 

Much  ol  the  history  has  already  been  described  in  reviews,  such 
as  those  ol  Ciahriel,’**  Ciahriel  and  (hawlord,***  Smyth  and  Ohold,”^ 
Kelly, Owen,""^  Prescott  and  Dunn,'’**  and  Porter. A  very  recent 
review  by  Heesch''*  discusses  the  current  status  ol  the  processes.  I'his 
chapter  will  stress  particidarly  commercial  operations  and  methods 
and  will  not  dwell  on  details  already  adequately  described. 

The  butanol-acetone  lennentation  ol  molasses  will  he  presented 
in  some  detail  since  it  has  not  been  very  extensively  reviewed  and 
has  been  a  process  ol  major  importance.  Its  application  volume  has 
decreased  recently  because  ol  the  higher  cost  ol  molasses. 

d'he  major  lennentation  processes  employed  industrially,  par¬ 
ticularly  in  the  United  States,  England,  and  Canada,  have  been  the 
lennentations  ol  corn  and  those  ol  molasses.  .Among  other  raw 
materials,  employed  commercially,  or  ol  potential  commercial 
application,  or  studied  academically,  are  rice,  potatoes,  cassava, 
horse  chestnuts,  Jerusalem  artichokes,  processed  corncobs,  sulfite 
waste  liquor,  and  wood  sugar. 

Until  about  the  time  ol  World  War  11,  the  butanol  produced 
commercially  was  largely  a  lennentation  product.  In  recent  years,  a 
synthetic  process,"^  has  been  developed  and  resulted  in  the  produc¬ 
tion  ol  a  good  gratle  ol  butanol  Iroin  acetaldehyde  cpiite  cheaidy. 
Ehe  synthetic  method  is  based  on  the  condensation  ol  acetaldehyde 
to  aldol  which  is  converted  to  crotonaldehyde  ((.H3C.H=CHC1-K)) 
and  then  reduced  to  butanol.  Acetylene,  ethylene,  or  ethanol  may 
be  used  to  jn-oduce  the  acetaklehyde.  The  relatively  cheap  protluc- 
tion  ol  synthetic  butanol  is  one  ol  the  reasons  lor  the  reduction  in 
the  volume  ol  the  butanol-acetone  lennentations  in  the  jiast  lew 
years.  However,  the  lermentation  jirocesses  continue  to  operate 

extensively. 

Some  atetone-butanol  lermentations  are  made  lor  the  lormation 
riliollaviii  or  ol  ribollaviTi  leeil  sii|)plcn.eiu.s  (Chapter  5.  Volume 
II).  Important  raw  imiterials  lor  a  lermentation  In  wlndi  rthttlltivin 
is  of  major  itnportame  are  lacteal  protittets,  such  as  whey  ami  skim 
milk  Corn  or  corn-rice  tnetlia  have  also  heeti  employetl  whe.e 
rihollavin  was  tiesiretl.  These  fermentat.ons  are  tpnte  tr.t.tal 
,,  m  iron  content  (Chapter  5,  Voltnne  II).  l.i  -y’'  J-T 
sonie  otgathratiotts  have  generally  lotmtl  tt  more  ^ 

protlt.ee  rihollavin  hy  the  Ascomycele  processes  employ,  g 
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Eremothecium  ashbyii  or  Ashbya  gossypii  rather  than  Clostridium 
acetobutylicum.  This  fact,  along  with  the  highly  competitive 
syntlietic  butanol  and  more  expensive  molasses  and  grain,  has 
resulted  in  curtailment  ol  acetone-butanol  lermentation  operations 
i'R  the  United  States  and  perhaj^s  elsewhere. 

International  conliict  has  played  a  part  in  keeping  grain  prices 
high  and  avoiding  sugar-cane  surpluses  so  that  cheap  molasses, 
particularly  high-test  molasses,  is  not  readily  available  as  a  raw 
material  in  some  areas.  Recent  studies  wdth  sulfite  waste  licjuor®*^ 
have  shown  improved  jjrosj^ects  lor  the  use  ol  sidfite  waste  liquor 
as  an  economical  raw  material. 


HISTORICAL 

butanol  as  a  jjroduct  of  microbial  action  was  j^robably  first 
observed  by  Pasteur  in  1861.  He  hatl  been  studying  butyric  acid- 
producing  organisms  and  detected  the  jjresence  ol  butanol.  Among 
the  early  investigators  in  this  field  following  Pasteur  were  Fitz, 
I  recul,  C»ruber,  Grimbert,  Beijerinck,  Van  d  ieghem,  Perdrix, 
Kredemann,  Duclaux,  and  others.  Prazmowski  j)roposed  the  name 
ol  Clostridium  lor  these  anaerobic  spore  lormers,  resulting  in  the 
genus  Clostridium  Prazmowski.® 

1  he  fact  that  acetone  was  also  a  lermentation  jjroduct  was  not 
known  until  Schardinger  made  the  discovery  in  1905.  I'he  delay 
in  this  discovery  is  somewhat  surprising  since  acetone  is  produced 
in  (juite  ajjjjreciable  amounts. 

In  I!)()!l,  there  was  coiisitlerable  iiueresl  in  Europe  in  the 
synthesis  ol  rnhher  by  the  polytnerization  ol  hinadiene  or  isoprene 
In  England,  Strange  and  Grahani,  Ltth,  ohtainetl  the  services  of 
l  erk.n,  We.mtann,  Fernhach.  and  Schoen  to  stndy  the  prohleins. 
Altei  (onsiderahle  investigation,  it  was  decided  that  hiitadiene  was 
a  iiiost  dcsirahle  raw  material  lor  sytithelic  rnhher  and  this  diene 
-nnlii  lie  produced  hoiii  hiitanol.  The  leriiieinative  prodtiction  ol 

K  n’  h"oh""  T  ■'^-e  progress  was  made  and 

Initanol  horn  potatoes.  In  1912,  Weizmann  terminated  his  con 

tinner  7“k  but  independently  con- 

nicltidiiig  corn,™  and  produced  butanol  and  acetone'-" 

Wul.  the  outbreak  of  World  War  I,  acetone  hecaine  a 
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critical  commodity  because  ol  its  use  in  the  manutacture  ol  the 
explosive,  cortlite.  Strange  and  (iraham,  Ltd.  contracted  to  produce 
acetone  and  attempted  to  do  so  by  Fernl)ach’s  procedure  and 
organism.  Lhe  jjrocess  was  relatively  unsuccesslul.  In  1910,  W^eiz- 
mann’s  organism  and  j^rocetlure  were  emj>loyed  successlidly,  using 
corn  as  a  raw  material.  Operations  exjjanded  and  it  was  lound 
desirable  to  operate  the  process  in  (Canada,  closer  to  the  grain  source, 
since  shijjping  space  was  critical.  This  arrangement  proved  reason¬ 
ably  satislactory.  A  plant  was  also  started  in  India,  but  was  not 
operated  until  alter  the  war.  Shortly  alter  the  United  States  entered 
the  war,  the  Weizmann  process  was  oj)erated  at  1  erre  Haute, 
Indiana,  lor  acetone  production.  C'onsideral)le  cpiantities  ol  acetone 
were  jiioduced,  along  with  al)out  twice  as  much  butanol.  1  he 
storage  and  disposal  ol  the  butanol  jjresented  a  j^roblem  lor  some 


time.  T  he  signing  ol  the  armistice  resulted  in  the  closing  ol  the 
lermentation  plants  lor  the  production  ol  acetone. 

Intensive  studies  showed  that  the  sup]x)sedly  useless  butanol 
coukl  be  used  lor  the  j^reparation  ol  l)utyl  acetate  which  was  an 
excellent  solvent  lor  nitrocellulose  laccjuers.  1  hese  lacejuers  lound 
use  as  finishes  in  the  growing  automobile  industry.  1  he  raj)idity  ol 
tlrying  and  hardening  ol  the  lac(|uers  was  a  boon  to  the  automobile 
industry  and  soon  butanol  became  a  chemical  in  considerable 
demand,  with  acetone  lieing  somewhat  ol  a  by-))roduct.  Fermenta¬ 
tion  operations  were  again  started  and  expanded  as  a  result  ol  the 
demand  lor  butanol.  .Another  plant  was  i)ut  into  operation  m 
192.3  at  Peoria,  Illinois.  The  Weizmann  process  was  employed, 
ushig  corn  as  raw  material.  Operations  were  enlarged  at  Peoria 
until  in  1927  a  total  ol  ninety-six  lermentors  was  in  use,  each 
lernientor  having  a  capacity  ol  50,0()()  gal.-  Later,  with  the  use  ol 
molasses  as  a  raw  material  lor  the  butanol-acetone  lermentation, 
other  large  plants  were  built  in  Philadelphia,  Baltimore,  Puerto 

Ri((),  and  elsewhere.  . 

When  tlic  huuinol-nctlonc  Ici niciualion  Inst  liccnnc  inthis- 

Itially  innMnlant  in  tl.c  early  iwenlies,  attempts  were  ma.lc  tn  i.se 
(m.nnereial  blackstrap  .nnlasses  as  a  raw  material  At  that  time, 
many  trials  were  ma.le  to  Icrment  molasses  with  (.losl,i<ln„n 
ncetdbulylicum,  tising  the  Wen.mann  protess.  Mixtines  o  giain 
and  molasses  with  variot.s  added  nutrients,  sneh  as  soybean  me. 
and  other  inotcins  were  stiiilied.  None  was  s.iccessl.il  to  an 
significatu  .  egreet  restdts  were  gene.t.lly  relatively  ,ioor  compared 
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with  subsecjiient  improved  procedures  lor  lernienting  molasses. 

In  H)88,  iMuIler'^^  obtained  a  patent  on  a  juocess  by  means  ol 
which  he  was  able  to  ierment  1  to  6%  monosaccharide  solutions 
and  ])roduce  solvents.  To  accomplish  this,  he  employetl  a  newly 
isolated  organism  which  he  designated  Clostridium  propylbutylicum 
alpha.  It  was  isolated  Irom  decaying  wood,  but  was  later  lound 
in  various  woody  fibers,  including  sugar  cane.  1  his  organism 
yielded  25  to  80%  of  solvents,  largely  butanol,  based  on  the  total 
sugar.  Muller  matle  the  important  observation  that  a  nutritional 
deficiency  existetl  in  previous  molasses  media.  Muller’s  medium 
contained,  in  addition  to  the  sugar,  apjjroximately  0.1%  by  weight 
of  an  ammonium  salt,  0.1%  of  a  phosphoric  acid  salt,  and  0.2% 
of  an  insoluble  alkaline  metal  carbonate,  such  as  calcium  carbonate. 
The  carbonate  acted  as  a  buffer  throughout  the  fermentation  which 
was  finished  in  about  48  hours.  It  was  of  interest  that  complex 
nitrogen  was  not  ret|uired. 

In  order  to  utilize  sucrose  actively  and  rapidly  by  this  method, 
it  was  lound  to  be  necessary  to  invert  the  sugar  with  acids  or 
enzymes.  1  his  method  marked  the  beginning  of  the  successfid 
butanol-acetone  fermentation  ol  molasses.  Successful  fermentation 
depended  largely  on  the  isolation  and  use  ol  the  proper  organisms, 
the  use  of  ammonia  nitrogen,  and  the  maintenance  of  an  optimum 
j)H  value.  However,  it  is  doubtful  if  the  specific  organism  and 
jjiocedure  described  by  Muller  were  ever  used  on  a  commercial 
scale.  I  his  was  ])artly  because  siu rose-fermenting  organisms  were 
soon  found. 

In  1988  and  later,  Arroyo’  -  and  Owen"*’  described  butyl  fer¬ 
mentation  methods  with  inverted  molasses,  emj)loying  an  organism 
Inst  (ailed  Bacillus  tetryl  and  later  named  Cl.  tetrylium  Owen.*’ 
This  organism  produced  a  high  proportion  of  butanol  and  was 
employed  mdustriaily  in  Puerto  Rico.  Hildebrandt  and  Erb-^ 
l^atented  a  somewhat  similar  process  in  1989,  in  which  the  organism 
used  was  uletitified  as  Cl.  celerifactor.  Ammonia  was  employ'ed  as  a 

nitrogen  source.  Sucrose  was  not  fermented  well  by  either  of  these 
organisms. 

Ill  1937,  \Vo.Kln,tt,  Stiles,  aiKl  Legj.,-  and  in  1938  .McCoy- 
■  cpoitcd  piocesses  which  made  use  ol  a  ol  hacteiia  dcsignaled 

as  stiains  ol  Clmlnrlmm  sarcharo-arelohulylicum.  These  were 
capable  ol  lenuenung  molasses  , Hashes,  containing  either  sucrose  o, 
tnve.t  sugar,  with  yieltls  ol  above  ,3(1%  solvents,  basetl  on  the  sttgar. 
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Inversion  ot  the  sucrose  was  unnecessary  in  contrast  with  the  pre¬ 
ceding  methods.  Nitrogenous  nutrients  Itad  to  l)e  added  in  the 
lorm  ol  degraded  j^roteins,  such  as  jiolyjieptides,  amino  acids,  urea, 
or  ammonia  or  its  salts.  The  amount  ol  nutrients  required  varied 
with  the  raw  material,  but  with  cane-molasses  media,  about  0.7  to 
1.7%  ol  ammonia  or  its  salt  equivalent,  based  on  the  sugar,  was 
recjuired.  It  was  necessary  to  maintain  a  jiH  ol  5.0  to  6.2,  and  prel- 
erably  ol  5.5  to  5.85.  This  was  done,  when  using  a  salt,  by  the 
initial  addition  ol  sutticient  bulier,  such  as  calcium  carbonate,  to 
neutrali/e  any  Iree  acidity  and  lurnish  an  excess  to  the  extent  ol 
about  5  to  7%  on  the  weight  ol  the  sugar.  (Calcium  carbonate  was 
cited  as  a  prelerred  agent.  Woodridl,  et  al.^*^  described  ammonia 
as  a  neutralizing  agent,  but  warned  against  excessive  additions.  The 
optimum  temperature  was  lound  to  be  29  to  .80°C.  A  small  amount 
ol  phosphate  was  also  usually  necessary.  1  he  ratio  ol  solvents  pro¬ 
duced  was  generally  about  68  to  7.8%  butanol,  26  to  .82%  acetone, 
and  1  to  .8%  ethanol.  T  he  describetl  tyjje  ol  organism  was  used, 
to  some  extent,  commercially.  However,  the  actual  rate  ol  ler- 
mentation  was  slow,  retjuiring  about  72  hours.  The  organisms  were 
also  very  susceptible  to  bacteriophage  inlection. 

A  patent  was  issued  to  Halb^"-  in  1989,  lor  a  process  which 
employed  an  organism  called  Bacillus  butacone.  The  spores  were 
describetl  as  being  unusually  heat  resistant,  withstanding  100  C 
lor  45  to  190  minutes.  Both  molasses  and  starchy  media  were  ler- 
mented  and  complex  nitrogenous  nutrients  were  recjuiied.  I  atents 
were  issuetl  in  1988  to  Arzberger=*  and  to  Carnarius  and  McCutchan® 
on  the  butanol-acetone  process  in  which  three  new  cultures  weie 
employed.  'Fhese  were  identified  as  Clostridium  saccharo-butyl- 
aretonicum-liquefaciens  and  the  gamma  and  delta  modifications  or 
variants.  'I'he.se  cultures  gave  consistent  yields  ol  about  80%  total 
solvents  based  on  the  sugar,  and  lermentations  were  complete  in  40 
to  48  hours.  T  he  essential  diflerences  among  these  three  cultures 
were  based  on  their  characteristic  solvent  ratios.  The  butanol 
lormed  varied  according  to  the  culture  Irom  55  to  74%  ol  the  total 
solvents,  while  the  acetone  ranged  Irom  22  to  40%.  I'hese  cultures 
or  subcultures  have  been  employed  by  at  least  one  large  commercial 
producer  lor  practically  all  ol  its  butanol-acetone  operations  with 
molasses,  d'he  production  procedures,  involving  mola.sses  media, 
described  in  this  chapter  apply  primarily  to  these  or  to  sumlai 

strains  ol  organisms. 
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CUL  I  URES 

The  organisms  employed  lor  the  various  bulaiH)!  lermentatioii 
processes  are  Clostridia  which  are  similar  to  Cl.  acetohutylicum  as 
described  in  Hergey’s  Manual.®  I  hc  Weizmann  type  of  organism  is 
Widely  known  as  Cl.  acetohutylicum  W^eizmann,  and  technically  as 
Cl.  acetohutylicum  McCloy,  Fred,  Peterson  and  Hastings.  It  has 
been  widely  emjiloyed  in  the  fermentation  ot  cereal-grain  mashes. 
The  sugar-fermenting  organisms  are  similar,  hut  they  are  often 
sufficiently  different  to  result  in  patents  on  their  use.  Ideal  cidtures 
are  evidently  not  readily  found. Industrial  concerns  have  gone  to 
special  pains  to  patent  operations  with  specific  organisms  which  are 
carefully  defined  and  differentiated  in  the  patents.  Many  of  these 
organisms  are  not  available  for  general  use. 

In  addition  to  variation  in  the  morphology  of  the  organisms, 
they  may  vary  in  carbohydrate  sidistrates  which  they  attack,  rate  of 
fermentation,  tyjie  of  nitrogenous  nutrients  required,  and  solvent 
ratios  produced.  Among  the  sugar-  or  molasses-fermenting  or¬ 
ganisms  are,  for  example.  Cl.  propyl  hutylicum  alpha  of  Muller,'** 
B.  tetryl  described  by  .\rroyo*'^  and  Owen,®*  and  Cl.  celerifactor  of 
Hildebrandt  and  Erb.**  These  organisms  necessitated  the  use  of 
invert  sugar  for  best  operation  since  sucrose  was  not  fermented 
readily.  Other  cultures  have  been  found  which  ferment  uninverted 
molasses.  Among  these  are  Cl.  saccharo-acetohutylicum^'^'*^  and 
several  variants  of  Cl.  saccharo-hutyl-aceto7iicum-li(j uefaciois'^'^  (see 
Table  35). 

Studies  on  the  isolation  of  cultures  are  still  being  made.  A 
culture  identified  as  Cl.  kanehoi  was  isolated  recently  in  Japan.®* 
The  isolation  and  the  properties  of  the  organism  were  described. 
The  cidtine  fermented  both  starch  and  cane-sugar  media  with  good 
solvent  yields. 


ISOL.\TION  OF  CULTURES 

Molasses-  and  grain-fermenting  cultures  have  both  been  isolated 
from  many  natural  sources,  such  as  soybeans,  legume  roots,  goose¬ 
berries,  wheat,  and  rye  by  modifications  of  the  general  procedure  of 
Weizmann.--  In  general,  they  have  been  found  as.sociated  with 
proliferating  plant  life,  but  not  with  decaying  material.  It  has 
been  noted  that  legume  roots  are  especially  good  sources.  This 

may  )e  i elated  to  the  storage  of  nitrogen  in  the  soil  by  the  nitrogen- 
fixing  bacteria.  ^ 
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A  suitable  lal)<)ratory  mecliimi  lor  clcvelojjniciit  ol  uiolasses- 
lermenting  eulturcs  luay  l)e  uiaclc  trom  10%  barley  malt  in  water 
by  heating  this  to  anti  holding  lor  .SO  min.  T  his  is  then 

tooled  and  the  coarse  particles  are  strained  out.  d  he  litjuor  may  be 
supjjlemented  with  an  ammonium  salt  and  a  buher.  It  is  sterili/ctl 
lor  about  SO  minutes,  cooled,  anti  inoculated  with  the  root  or  other 
material.  Pasteurization  may  be  emj)loyetl  to  reduce  the  content  ol 
vegetative  organisms;  the  clostridia  are  relatively  heat  resistant.*’^ 
Cirain  termenting  organisms  are  tleveloj^etl  on  potato  or  grain 
metlia. 


The  inoculated  Hasks  ol  metlia  may  be  incid)atetl  at  SO  to  S1°C 
lor  many  ot  the  sugar-lermenting  clostridia  and  at  S5  to  SV^C  lor 
the  starch-lermenting  organisms.  II  butanol-producing  organisms 
are  present,  gas  evolution  may  occur  alter  24  to  48  hours  anti 
usually  a  distinct  butanol  odor  will  be  evitlent  alter  2  to  4  tlays. 

After  4  or  5  tlays,  a  small  amt)unt  ot  the  crude,  sporulated 
tulture  is  added  to  potato-glucose  tubes.  This  medium  consists  ol 
25%  wet  potato  mash,  containing  0.2%  calcium  carbonate  and 
0.5%  glucose.  The  tubes  are  “shocked”  in  boiling  water  up  to  S 
minutes  anti  are  then  immediately  cof)letl  and  incubated.  Twenty- 
lt)ur  ht)urs  later,  a  transler  is  matle  to  a  new  tube  ol  potato  medium, 
then  two  successive  24-hour  transfers  are  matle  in  sterile  molasses 
medium  lor  molasses  cultures.  4  he  molasses  metlium  contains  5.0% 
sugar  as  sucrose,  with  the  following  atltled  nutrients,  the  percentages 
being  based  on  the  sucrose  content:  5.4%  ammonium  sulfate,  5.4% 
calcium  carbonate,  atitl  0.2%  j)hosphorus  pentoxitle  in  the  lorm  ol 
a  phosjdiate  salt.  For  corn-lermenting  organisms,  tnbes  and  Hasks 
ct)ntaining  5%  corn  mash  are  substituted  lor  potato  tid)es  and 


molasses  Hasks. 

For  the  molasses  jjrocess,  the  fourth  generation  Hask  is  used  to 
inoc  ulate  a  ejuantitative  molasses  flask.  I  his  contains  the  same 
nutrients  and  buHer  as  the  inoculum  Hasks  and  generally  about 
5.6%  sugar  as  sucrose.  I'hese  Hasks  are  inoculated  with  about  4% 
by  vplume  of  a  24-hour  inocidum.  'Fhey  are  fermented  lor  72 
hours  at  SrC  alter  which  preliminary  pH  and  brix  determinations 
are  made.  H  these  are  favorable,  solvents  and  generally  acetone 
ileterminations  are  made.  If  these  indicate  that  the  impure  culture 
contains  desirable  butanol-producing  organisms,  the  cultures  Irom 
both  potato  and  molasses  media  are  plated  out  on  an  agar  suitable 
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for  anaerobes.  .Several  methods  of  obtaining  anaerobic  conditions 
can  be  used.  A  well-sealed  desiccator  containing  wet,  sprouting 
wheat  in  the  bottom  has  proved  succe.sslul. 

The  plates  are  incubated  anaerobically  at  least  8  days  at  8I°C. 
iienerally,  they  are  then  opened  and  incubated  at  least  2  days 
aerobically.  I'he  colonies  continue  to  increase  in  size  and  take  on 
characteristic  color  and  form.  Idie  various  types  of  colonies  are 
then  picked  oft  the  agar  and  placed  in  potato  tubes  and  carried  as 
before  to  the  fifth  generation  flask  for  solvent  analysis.  These 
single-colony  cultures  may  be  pure.  Different  cultures  may  produce 
excellent  to  poor  solvent  yields  and  different  solvent  ratios  under 
the  same  comparative  conditions. 

This  general  procedure  can  be  modified  in  many  ways.  It  an 
organism  to  ferment  a  higher  sugar  concentration  is  desired,  the 
conditions  of  isolation  can  be  varied  to  this  end.  If  starch  or 
pentose  is  to  be  fermented,  development  in  starch  or  pentose  media 
may  be  employed.  This  method  might  be  referred  to  as  a  form  of 
environmental  selection. 


MAINTENANCE  OF  CULTURES 

A  number  of  cultures  are  mentioned  in  preceding  and  following 
sections  of  this  chaj)ter.  Other  cultures  have  been  described  in  the 
patent  literature.""=*^'"'"«-""  I'hese  cultures  are  similar;  they  are 
anaerobic,  motile,  and  have  very  similar  cultural  and  morjjhological 
chat actei istics.  All  belong  to  the  family  lidci llaceoe,  and  to  the 
genus,  (Jost) idiutn.  The  molasses-fermenting  ctdttires  generally  re- 
cjuire  some  ammonia  nitrogen  to  proliferate  and  to  produce  fidl 
yields  of  solvents.  Ehey  are  also  ustially  unable  to  utilize  protein 
nitrogen  alone  and  produce  good  solvent  yields.  Nor  are  they  able 
geneially  to  ferment  starch  with  maximum  yields  even  though  the 
required  ammonium  salts  are  jiresent.  For  example.  Table  8-1 
compares  the  results  obtained  from  corn  and  from  molasses,  using 
the  same  molasses-fermenting  culture  and  including  an  ammonium 
sa  I  a  bultei,  an.l  a  phosphate.  11, e  „K,la.sses  ,„etliu,n  co„tai.,«l 
5.^%  a„„„o„i,„„  st.Mate,  5.-1%  ealci,,,,,  carbonate,  an, I  (!.■>% 
phosphorus  peiitoxule  haseil  on  tl,e  sumise.  Tlie  corn  inetlitnn 
tontatned  ^.5%  annuo, ntnn  snilate,  4.5%  calcitnn  carl.onate,  and 
h.15%  p,<,sphorns  pentoxide  base, I  on  ,|,e  dry  corn  tneal  The 
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rAui.i.  34.  COMPARI.SON  OF  MOLA.S.SFS  FERMENTING 
CULTURE  IN  CX)RN  AND  IN  NUTRIENT 
MOLASSES  MEDIA 


Original  Medium  Final  Beer  Yield  based  Yield  based 

Medium  Sucrose  Dry  meal  Final  Final  Solvents  on  dry  meal  on  sugar 

Type  %  %  Biix  pH  g  per  1  %  % 


Corn  Meal  -  7.45  2.9  5.04  15.17  20.3“  - 

Molasses  7.53  -  2.2  5.69  22.65  -  30.1 


"  Ortiinarilv,  llie  com-fennenting  organism  gives  yields  of  altoul  based 

on  tlrv  meal.  \o  added  nulrients  are  retinired  when  using  the  eorn-fermenling 
( idture. 


.\11  ol  tlie  butanol-acetone  cultures  tlescribetl  show  some  dil- 
lerences.  Fhe.se  may  involve  the  ratio  or  type  ol  solvents  produced. 
Some  organisms,  lor  example,  produce  isojiropyl  alcohol  instead  ol 
all  or  part  ol  the  acetone.  I'his  type  ol  organism  has  olten  proved 
to  be  rather  undepentlable  and  not  very  vigorous. 

d  he  organisms  are  all  spore  lormers,  and  may  be  maintained  on 
soil,’^  sand,’-*  or  on  other  inert  materials.  satislactory  carrier  is 


composed  ol  49%  rich  loam,  49%  screenetl,  washed  sand,  and  2% 
calcium  carbonate.  This  mixture  is  sterilized  thoroughly  by  in¬ 
termittent  heating.  Generally,  about  250  g  are  placed  in  a  500-ml 
Erlenmeyer  Mask  lor  sterilization.  A  second-  oi  third-genet ation 
culture  in  a  molasses  medium  is  selected  lor  placing  on  soil,  d  his 
is  allowed  to  lerment  72  hours.  Sterile  soil  in  a  flask  is  then 
saturated  with  the  liquid  culture,  d  his  is  dried,  finely  ciushed,  and 
placed  in  a  sterile  flask.  It  is  then  tested  lor  sterility  Ironi  con¬ 
taminating  organisms  by  employing  reasonably  large  .samples  as 
inocula  lor  molasses  media  and  lor  corn  mash  media.  These  ate 
plated  out  aerobically  the  next  3  consecutive  days.  11  no  aerobic 
contamination  is  present,  the  soil  culture  is  tested  lor  .solvent  yield 
and  ratio.  Pilot  runs  may  then  be  made.  II  these  factors  are  satis¬ 
factory,  one  lermentor  is  set.  II  the  lermentor  results  are  good, 
more  runs  are  made.  II  as  many  as  twenty  lermentors  have  given 
consistently  good  results,  the  soil  culture  is  considered  to  be  a  good 
plant  culture.  Such  cultures  will  keep  on  soil  indelinitely,  and  aie 
known  to  be  viable  alter  having  been  on  .soil  lor  as  long  as  13  years. 


temperature 

d'he  grain-lermentation  processes,  involving  the  use  ol  the 
VVeizmann  type  ol  CL  acetobutylicum  is  generally  operated  at  about 
37°C,  while  the  molasses  proces.ses  are  usually  run  at  about  30  to 
35Tk  It  has  been  pointed  out  by  Carnarius’  that  cooling  a  molasses 
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ternientatioii  to  about  24.5°C  about  16  hours  alter  inoculation  can 
result  in  a  significant  increase  in  the  ratio  ol  butanol  to  the  other 
solvents.  Temperature  control  generally  involves  cooling  since  heat 
is  evolved  tluring  fermentation.  Outside  water  curtains,  i.e.,  water 
■rprays  on  the  exterior  ol  the  lermentors,  have  been  commonly  used 
lor  cooling.  vSome  data  on  the  effect  of  fermentation  temperature  on 
solvent  yields  are  presented  in  Table  43. 


Nin  RIENT  REQUl REMEN  I  S 
Ehere  are  different  butanol-producing  organisms  which  have 
l)een  employed  commercially  for  solvent  manufacture.  The  nu¬ 
tritional  requirements  are  certainly  variable  since  some  organisms 
will  ferment  corn  mash  while  others  will  do  so  only  poorly,  although 
they  may  ferment  a  sugar  medium,  such  as  a  nutrient-molasses 
medium  quite  well.  Some  organisms  ferment  both  types  of  media, 
and  certain  others,  such  as  Cl.  saccharo-acetobutylicum will  fer¬ 
ment  corn  mash  if  ammonia  nitrogen  is  added  as  a  siqjplement. 
Ammonia  nitrogen  is  jjreferred  by  some  clostridia  while  others  do 
best  with  complex-nitrogen  sources  (see  Table  35).  Organic-nitrogen 
sources  as  simple  as  asj:)aragin  have  proved  adequate  for  some  butyl 
organisms.®*  Organisms,  such  as  B.  tetryl,^  '^  ferment  invert  sugar 
but  not  sucrose,«while  others®’®-^"®®  ferment  both.  The  most  useful 
grain-fermenting  organisms  are  both  amylolytic  and  proteolytic. 
The  sugar  fermenters,  though  their  amylolytic  and  jn'oteolytic 
powers  may  be  }X)or,  are  still  very  useful. 

Some  of  the  nutritional  studies  have  been  reviewed  by  Porter®'^ 
and  by  Prescott  and  Dunn.®®  Most  of  the  reported  investigations 
have  been  made  with  the  Weizmann  type  of  Cl.  acetohutylicum  and 
the  applicability  of  these  findings  to  the  requirements  of  the  various 
other  butanol-acetone  organisms  is  conjectural.  A  brief  review  of 
the  nutritional  requirements  of  Clostridium  species,  in  general  was 
made  by  Porter”  in  1946. 


In  1940,  Oxlord,  Lampen,  and  Peterson'*®  employed  a  synthetic 
inedium  for  studies  on  the  titttritiotittl  tec|ttiretitetus  of  Cl.  acelo- 
wtylicum.  ritetf  studies,  along  willi  those  of  Rttitito  and  <o- 
tvorkers  ■  ant  otltcrs,”  indicated  that  hiotitt  and  p-antinoltenzoic 
aud  are  essential  lattors  for  the  growth  of  Cl.  ncetobutylicum 

Lampen,  and  Feterson“  showed,  in  |(|d,H,  that  biotin  was 
ssential  lot  the  growth  ol  twenty  strains  of  Clmlridium,  inrltidini; 
nine  stiains  ol  Cl.  acelolmtylicum.  Of  the  strains  of  Cl  acelo 


Table  35.  KXA.MPLKS  OF  SOME  BIH  ANOL-ACE  TONE  CUL1  URES  .\NI)  I  HEIR  APPLICAI  ION 

Optimum  Solvents  Solvents 

Nitrogen  temperature  yield  ratio 
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■  Names  emplovccl  in  the  references  cited. 

'*  Also  ferments  starch. 

In  practice,  using  slop-hack,  solvent  yields  are  generallv  about  ‘14%. 
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butylicuni,  seven  ulso  recjiiired  p-iunin(il)en/oie  ucicl  loi  nitixiniiini 
growth.  I’hey  also  found  that  Cl.  acetobutylicum  strain  S9,  supjde- 
niented  with  0.002  yug  per  ml  ol  biotin  and  0.005  j^er  ml  ol  p-ami- 
nobenzoic  acid,  synthesized  pyridoxin,  pantothenic  acid,  tolic  acid, 
riJ)oflavin,  thiamin,  and  nicotinic  acitf.  The  riboflavin-producing 
ability  ol  this  type  ol  organism  is  treated  in  (Chapter  5,  Volume  II. 

Reyes-1  eodoio  and  Mickelson,"’'*  in  194*^1,  studied  the  nutrition 
ol  several  stiains  ol  saccharolytic  butanol-acetone  organisms  and 
lound  that,  as  jneviously  rejjorted,^'’  some  retpiired  biotin  and 
/;-aminobenzoic  acid  in  their  nutrition,  while  others  recpiired  only 
biotin.  Thiamin,  riboflavin,  |)yridoxin,  nicotinamide,  inositol,  and 
j)antothenic  acid  had  no  eftect  when  added  as  supplements. 

(Commercial  fermentations  of  importance  have  generally  used 
comjjlex  substances,  such  as  corn  and  molasses  as  raw  materials. 
(Corn  mash  constituted  what  appeared  to  be  a  complete  medium 
lor  Cl.  acetobutylicum  VVeizmann  and  commercial  ojjeration  em¬ 
ployed  this  medium.  For  satisfactory  residts  with  molasses  media, 
sjiecial  saccharolytic  organisms  were  used,'’-'’  '’*'  ''"  since  the  Weizmann 
type  ol  organism  did  not  ferment  molasses  satisfactorily.  Muller'*^ 
pointed  out  that  nutritional  deficiencies  were  j>robably  responsible 
lot  some  ol  the  j>oor  results  ol  early  studies  with  molasses  media. 
He  employed  ammonium  and  j:)hosphate  supplements  with  inverted 
molasses  and  showed  considerably  imjiroved  fermentative  operation. 
His  observations  were  subsequently  ada])ted  to  fermentations  em¬ 
ploying  sucrose-fermenting  organisms.^”  Ajqdication  of  these 
general  findings  is  described  in  other  sections  of  this  chajner. 


(CON  I  A 1 1 N  A1  I O N  PROBLEMS 

Bacterial  Contamination 

(amtamination  ol  plant-scale  grain  and  molasses  fermentations 
.as  o«u,',r<l  l„„n  ,in,c  c,  ti„,e.  This  |„oh|,,„  has  net  oene.ailv 
l.ecn  as  l.  ouhlcso.nt  ti,e  .ndasscs  |„-o<  ess  as  i„  the  m  ot  css 

San.pics  l,„M,  the  h.uial  lal„„at,„y  inocnia.  „p  th.„„gh  the  fe.C 
'.icmois,  aie  plalal  „„  aen,l„f  agar  plates  and  ai  e  eheiked  I,,,-  e„i,- 
aiiimants.  I  he  co.itanitnating  <„ga,iis,„s  have  gene. ally  been  rati.ei 

.....  «l  types.  I.act„bacilli  httve  ct.ttse.l  tKcasint.al  ttlubll,  » 
Quite  often  when  contamination  is  found  thp 

proceeds  reasonably  satisfactorily  iu  molass;s  medn u'w;:;;'::,:::;; 
inecautions,  the  problem  is  not  great.  nomial 
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Bacteriophage  Infection 

1  he  bacteriophage  inlections  of  both  corn  and  molasses  butyl 
fermentations  have  been  quite  serious.  Manufacturing  plants  have 
been  shut  down  completely  because  of  ’phage. 

I'he  first  symptoms  of  the  presence  of  ’phage,  or  virus,  are 
extremely  slow  or  sluggish  fermentations  in  the  corn  process  and 
cessation  of  gas  evolution,  along  with  slow  fermentation,  in  the 
molasses  jjrocess.  In  the  molasses  jjrocess,  the  medium  appears  dark 
colored,  compared  with  the  normal  aj)j3earance,  and  microscopic 
examination  shows  either  no  organisms,  or  perhaps  a  few  long, 
slender  rods,  with  a  “moth-eaten”  apj)earance.  After  24  to  48  hours, 
the  fermentation  may  start  again  and  produce  solvents  in  moderate 
to  poor  yield. 

The  ’phage  will  pass  through  bacteria-retaining  filters,  such  as 
the  Berkefeld,  and  sintered  glass  filters.  The  bacteria-free  filtrates 
will  readily  infect  fresh  cidtures  of  the  strain  in  which  the  ’phage 
appeared.  ’Phages  are  fairly  easy  to  isolate  from  natural  sources, 
such  as  soils  and  river  water.  Some  ’phages  are  quite  specific,  that 
is,  they  will  attack  one  strain  of  organism  and  not  another.  Other 
'phages  may  attack  several  strains. 

It  is  generally  possil)le  to  obtain  ’phage-resistant  cidtures  by 
growing  them  in  the  presence  of  increasing  ’phage  concentrations. 
A  few  ’phage-resistant  organisms  generally  occur  which  are  the  basis 
of  the  resistance  development.  Examples  ol  such  methods  weie 
described  by  Legg,^^  Legg  and  Walton,^’  and  McCoy."* ‘ 

Legg’s  procedure,®^  based  largely  on  the  corn  butyl  process, 
involves  repeatedly  subculturing  the  organism  in  the  presence  of 
bacteria-free  filtrates  (’phage  cultures)  or  “sluggish”  butanol-acetone 
fermentation  media.  After  each  spore  transfer,  the  bacterial  culture 
is  “heat-shocked”  for  3  minutes  at  10()°C,  just  prior  to  inoculation 
with  the  ’phage.  Incubation  may  then  occur  for  I  or  more  days  or 
until  sporulation  begins.  About  ten  such  transfers  are  made  and 
the  resulting  spore  culture  is  usually  immune  to  this  particular 

’phage. 

The  method  described  by  Legg  and  Walton^  applied  to  the 
sugar-fermenting  organism  alone.  They  lound  it  unnecessaiy,  an 
usually  undesirable,  to  remove  the  vegetative  forms  of  the  bacteria 
before  each  successive  subcultivation.  The  ’phage-susceptible  culture 
was  made  to  produce  normal  yields  in  a  normal  manner  by  effecting 
a  series  of  subcultivations  in  the  presence  of  the  phage.  1  le  tu  ture 


The  Butanol-'Acetone  Fermentations 


361 


was  transferred  during  its  most  active  stage  and  belore  sporidation 
occurred.  Four  to  ten  transfers  were  generally  sufficient  to  produce  a 
’jihage-resistant  culture. 

McCoy/*  in  a  butanol-acetone  process  employing  Cl.  madisonii, 
ifses  a  special  medium  cc^mposed  of  liver  extract,  tryptone,  and 
glucose  at  pH  7.2  to  produce  ’phage-resistant  strains.  In  this 
medium,  the  virus,  or  ’phage,  at  high  dilution  does  not  inhibit  Cl. 
7nadisonii,  while  in  a  molasses  medium,  the  cidture  is  inhibited. 
About  three  to  five  transfers  in  this  medium  are  used  to  obtain  a 
’phage-resistant  culture.  It  is  of  interest  that  an  increase  in  the 
number  of  liver-medium  transfers  is  associated  with  an  increase  in 
the  acetone  proportion  of  the  solvents  produced. 

It  has  not  been  uncommon  in  plant  practice  to  find  that  a 
’j)hage-resistant  culture  may  succumb  to  another  ’phage.  The 
resistance  development  jnocedure  is  then  again  repeated  and  the 
resulting  culture  may  then  be  resistant  to  two  different  ’phages. 
Most  butanol-acetone  plants  maintain  an  assortment  of  ’j)hage- 
resistant  cultures  which  may  be  employed  to  insure  plant  operations. 
Cleanliness  of  operation  and  of  operational  area  is  also  cpiite 
conducive  of  ’phage-free  operations. 

I  hages  hav'e  been  found  which  attack  many  different  bacteria 
and  are  not  unicjue  with  the  butanol-acetone  industry.  For  example, 
actinophages  aie  known  which  attack  Streptomycetes,  and  the 

streptomycin  industry  has  encountered  some  difficulty  Avith  such 
’jihages.^* 


POSSIBLE  YIELDS 

In  general,  the  maximum  yields  Avhich  have  been  reijorted  for 
butanol-acetone  fermentations  have  been  about  29 
to  33%,  based  on  the  weight  of  fermentable  carbohydrate  supplied 
koi  example,  100  g  of  fermentable  sugar  will  yield  about  ‘>9  to  33  e 
oi  niixecl  solvents  consisting  largely  of  butanol,  acetcme,  ancl 
hanol  The  yields  c,r  corn  fermentations  are  generally  reported 
Jcisec  on  tiy  meal.  This  usually  averages  about  2().5%  Avhen 

;;.e  solve, u  ,eu.  -I;;:::,'/ 

8.5%  co.  „-,„eal  ,„ash.  ^  ‘ 


in  d  list  rid  I  Fermen  ia  t  i  ons 


8{i2 


I  lie  classical  solvents  ratio  produced  by  ('<1.  dcefobutylicuin 
McCoy  el  al.  Ironi  corn  mash  is  bntanol;acetone:ethanol  (H:A:E) 
=  ():.H:1.  Since  acetone  and  ethanol  are  relatively  unprofitable  to 
produce  by  the  butanol-acetone  lermentations,  while  butanol  is  the 
jiriinary  item  ol  economic  importance,  the  manulacturer  should 
produce  the  maximum  yield  ol  butanol  at  the  expense  ol  acetone 
and  ethanol,  il  possible. 

A  great  volume  ol  patent  literature  has  been  concerned  with 
the  control  ol  processes  with  new  and  dillerent  butanol-producing 
Clostridia.  I'hese  organisms  are  olten  characteri/ed  in  great  detail 
22.34.40  jjj  patents  in  order  to  distinguish  them  Irom  other  or¬ 
ganisms  alreatly  described.  Some  ol  the  more  valuetl  organisms  are 
noted  lor  the  high  j)roportion  ol  butanol  which  they  will  produce. 
Butanol  yields  in  the  range  ol  70  to  70%  ol  the  total  solvents  have 
been  rejiorted  lor  both  the  grain**''  and  lor  the  molasses^®’®**’^"""  **® 
lermentations.  An  example'*'*  ol  the  solvents  ratio  ol  such  processes 
is  B:A:E  =  74:24:2.  Table  35  shows  some  comparative  data  lor 
a  lew  ol  the  j^atented  j^rocesses. 

4  he  yield  ol  solvents  is  limited  by  the  concentration  ol  butanol 
in  the  “beer.”  This  limiting  concentration  is  apj>roximately  13.5 
g  per  1.  When  the  concentration  has  reached  about  this  value,  active 
lermentation  will  generally  be  retarded  or  stopped.  It  is,  therelore, 
necessary  to  supi>ly  a  low  initial  carbohydrate  concentration  in  the 
medium,  so  that  comjdete  lermentation  may  be  attained  without 
allowing  the  toxic  ellect  ol  the  butanol  to  limit  the  solvent  yield. 
I  he  carbohydrate  concentrations  employed  are  usually  in  the  range 
ol  4.5  to  7  g  per  100  ml.-  ''*'*-''^  B.  tetryl  tlid  not  aj^pear  to  grow  at  8.5 
g  j.)er  100  ml  ol  sugar. Earviid**  lermented  molasses  media  contam- 
ing  7  g  per  100  ml  ol  sugar  with  sujjplementary  nitrates  which  re¬ 
sulted  in  higher  acetone  and  lower  butanol  yields.  Over  ‘10%  ol 
the  solvents  was  acetone  under  some  ol  the  conditions.  Weizmann 
in  a  1045  iKitent,**"  described  the  use  ol  a  ma.ss-inoculation  technicjuc 
with  Cl.  acetohutylicum  and  was  able  to  lerment  media  containing 
uj>  to  10%  sugar,  leaving  I  to  2%  ol  the  original  sugar  uu 

lermentetl. 

A  normal  mola.s.ses  lermentation  will  be  completed  in  10  to  4. 
hours.  The  u.se  ol  stillage  or  “slop”  in  the  medium  results  in  a 


slightly  laster  lermentation 


I  he  yield  ol  solvents  is  basetl  on  tint 


weight  ol  the  total  .solvents  obtained  Irom  a  given  weight  ol  tota 
sugar,  usually  calculated  as  sucrose.  Ehe  yield  is  reported  as  pei 
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(cntagc  on  sugar  or  as  pounds  per  100  II)  ol  sugar.  A  .S0%  yield 
is  considered  reasonably  noiinal  Iroin  high-test  molasses,  coinjjared 
with  about  20%  iroin  hlackstraj).  Some  minor  handling  and  process¬ 
ing  losses  are  generally  incurred. 


r.ABLi.  M').  rvi’ic:AL  solveni  yields  erom  hKtH-tese 

MOLASSES,  USING  \  ARIOLhS  CULTURES 


Culture’' 

Molasses 

slop-hack 

xoluine 

% 

Initial 

sucrose 

g  per 
100  ml 

Final 

Brix 

Final 

pH 

Total 
solvents 
g  per  1 

Yield 
based  on 
sugar 

% 

.\cctonc 

in 

.solvents 

% 

K 

None 

5.9(1 

2.8 

5.(13 

17.04 

28.59 

1. 

4(1 

5.90 

3.4 

0.73 

18.42 

31.22 

21.7 

B 

.None 

5.88 

2.8 

5.7 1 

17.70 

30.10 

B 

4(1 

5.90 

3.4 

5.58 

18.02 

30.54 

23.(1 

1) 

.None 

(1.12 

2.9 

5.59 

18.42 

30.09 

1) 

4(1 

(1.14 

3.7 

5.49 

18.70 

30.45 

27.4 

C 

.None 

(1.89 

3.4 

0.58 

1 9.9(1 

28.9(1 

C 

40 

(1.94 

4.0 

0.58 

19.9(1 

28.04 

29.9 

A 

None 

(1.89 

2.7 

5.37 

20.90 

30.33 

\ 

40 

(1.94 

3.8 

5.44 

20.90 

30.1 1 

39.0 

“  Culture  A 

is  a  strain 

of  Cl.  sa( cliaro-butxl-aretoniru in-licj uefacioi.s.'^ 

Cuiiuie 

(.  is  a  strain  of  Cl.  saccharo-hutxl-aretoiiiriini-liquefacieiis-gannna.^  (ailtures  1), 
B.  and  K  are  strains  of  Cl.  sacclKno-btilyl-acelotiicuin-lujuefarit'n.s-delta.'-* 

Table  shows  typical  laboratory  yields  obtained  from  Ligh¬ 
test  molasses,  using  several  cultures.  T  able  .87  also  shows  the  yields 
and  solvent  ratios  j)roduced  by  hve  ol  the  molasses-iermenting 
(idtuies.  The  law  material  was  high-test  molasses  and,  in  each  case, 
10%  molasses  sloj)-back  was  used. 


I  aiu.k  87.  SOLVENI  RAl'IOS  PRODUCED  IN  EHE  MO¬ 
LASSES  EERMENl  A  LION 


(ailtnre-' 


U 

!• 

(. 

(; 

A 


Solvent 

Sucrose 

Total 

yield 

g  per 

solvents 

%  on 

100  ml 

g  per  1 

sugar 

5.47 

17.58 

32.13 

.5.53 

17.45 

3 1  .,55 

5.47 

18.03 

32.9(1 

7.04 

20.72 

29.43 

7.00 

22.74 

32.48 

Soh'eiil  Ratio 


Acetone  Butanol  F.tlianol 

%  %  % 

7.^.9  3.5 

2I.()  75.2  3.2 

74.-1  1 .8 

34.(1  (11.2  4 

‘5B.4  57.9  3J 


■  Culture  A  is  a  strain  of  Cl.  saccharo-lnilyl-aretonkum-^^^^^^^^  (T.Iture 

-  ■''<^<^<^l>»ro  lnitxl-acclouicuoi-liqm^^  Cultures  B 

.  and  (.  a.e  strains  of  d.  saccharo-bulyi-acetonirundiquelaciens-d^^ 
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ANALYSES 


rhe  general  analyses  ol  raw  materials  lor  industrial  ojjeration 
of  the  butanol-acetone  fermentations  involve  moisture  and  starch 
determinations  on  grain  and  sugar  content  of  molasses,  which  may 
include  sucrose  and  invert-sugar  determinations.  Classical  analytical 
methods,  such  as  those  j)ublishcd  by  the  Association  of  Official 
Agricultural  Chemists,  may  be  employetl. 

Solvents  are  generally  estimated  as  total  mixed  solvents  along 
with  the  solvents  ratio.  Ehe  trend  of  the  fermentation  is  checked 
by  following  the  gas  evolution  rate,  beer  density  (Brix),  pH,  and 
titratable  acidity.  Methods  for  estimating  solvents  and  their  ratios 
have  been  published.”  '*'’'*®®®  Different  organizations  undoubtedly 


employ  different  analytical  procedures  and  it  is  not  within  the  scope 
of  this  review  to  go  into  analytical  details.  Davies  and  Stephenson*® 
cited  references  for  analyses  of  several  compounds.  It  is  possible  to 
obtain  quite  accurate  analyses  of  individual  solvents  from  small  beet- 
samples  by  the  use  of  the  mass  spectrograph.®^ 

In  brief,  total  solvents  may  be  estimated,  lor  example,  by, 
determination  of  specific  gravity  of  distillates  from  the  beer  and. 
comparing  with  a  table  of  known  values.  Ehe  estimation  of  solvent 
ratio  involves  first  the  estimation  of  acetone  by  hypoiodite  con 
version  to  iodoform.  By  further  distillation  and  salting  out  of  the 
crude  distillate,  an  anhydrous  solvent  mixture  is  obtained.  Iht- 
acetone  content  of  the  mixture  is  brought  to  a  constant  value  of,  lot 
example,  25%  by  volume  at  2()°C  by  the  addition  of  acetone  o» 
butanol  as  required.  By  a  water  titration  to  a  turbidity  endpoint 
the  ethanol  content  of  the  solvents  is  determined  against  known 
tables.  The  temperature  must  be  critically  controlled  for  tin- 
determination.  Knowing  the  acetone  and  ethanol  content,  the 
Imtanol  is  determined  by  difterence  from  the  total  solvents,  smea 
only  these  three  solvents  are  present.  'Ehe  presence  of  isopropy.^ 
alcohol,  of  course,  complicates  the  analyses. 

Analytical  studies  which  followed  the  course  of  the  fermentation 
of  grain  by  Cl.  acetobutylicmn  in  considerable  detail  were  reportec 
in  %32  by  Peterson  and  Fred.®®  A  series  of  excellent  graphs  wen 
presented  which  citaracierired  (he  ler.nennition  m  (he.r  l(a,id. 
Tliese  graplis  have  been  adc<|naicly  reinodneed  in  olhci  leviews. 
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MECHANISM  OF  FERiMKN  l  A  I  ION 


Although  the  niechanisni  of  the  alcoholic  feniientation  of  sugar 
by  yeast  has  been  well  established,  along  with  the  lactic  acid 
fermentation  by  lactic  acid  bacteria  and  animal-tissue  glycolysis, 
tlie  intermediary  metabolism  of  the  butanol-acetone  lermentation 
has  not  been  completely  elucidated.  Fhe  status  of  our  knowledge  of 
the  mechanism  of  the  butanol-acetone  fermentation  was  reviewed 
by  Porter,®'^  in  UMb,  and  by  Prescott  and  Dunn,’^®  in  19-49.  Among 
the  most  recent  studies  on  the  mechanisms  have  been  those  of  Cohen 
and  Cohen-Bazire’"^''*’'^  in  France  and  those  of  Rosenfeltl  and 
Simon®”’®'  in  Israel. 

.Attempts  have  been  made  to  connect  the  three-carbon  inter¬ 
mediates  normally  lound  in  the  alcoholic  and  lactic  mechanisms 
with  the  butyl  or  butyric  mechanisms.  Simon®®  noted  in  19-43  that 
certain  facts  indicate  that  the  butanol-acetone  mechanism  probably 
pioceeds  by  othei  pathways  than  via  the  three-carbon  intermediates. 
He  pointed  out  that  the  customary  three-carbon  intermediates  do 
not  yield  four-carbon  jiroducts  and  that  pentoses  are  not  fermented 
by  most  yeasts,  while,  in  contrast,  the  butyric-type  organisms  do 
ferment  pentoses  and  produce  the  same  four-carbon  compounds  as 
are  obtained  from  hexoses  and  fre(|uently  in  the  same  ratios. 


.uiu  lormation. 


i’cver,  that  pyruvic 


I'l  good  yield  when  nn- 
arbon  conijiound  which 
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yielded  butyric  acid"”  was  glycerol.  (>()nse(|uently,  in  this  case,  a 
synthesis  must  have  been  involved.  Simon"”  also  observed  that 
glycolaldehyde  was  not  attacked,  nor  was  sodium  lormate. 


Using  washed  susjiensions  ol  cells  ol  two  (',1.  uretobutylicu) 
strains  Davies'”  lound  that  neither  (arl)on  dioxide  nor  hydroge 


tin 

hydrogen 

was  evolved  when  the  lollowing  jiotential  intermediates  were  used; 
glyceraldehyde,  phosjdioglyceric  acid,  hexosediphosjjhate,  lactic  acid, 
lormic  acid,  methylglyoxal,  lumaric  acid,  butyric  acid,  a-hydroxy- 
butyric  acid,  /^-hydroxybutyric  acid,  a.^-dihydroxybutyric  acid, 
glyoxylic  acid,  tetronic  acid,  crotonic  acid,  /lY/^i^-y-hydroxycrotonic 
acid,  tetrolic  acid,  and  vinylacetic  acid.  Acetoacetic  and  oxaloacetic 
acids  were  attacked  with  gas  evolution.  None  ol  the  compounds, 
was  reduced  by  hydrogen  in  the  presence  ol  active  cell  suspensions. 
.\cetoacetic  acid  was  decarboxylated  to  acetone.  Butyric  acid  was 
reduced  to  butanol  in  the  presence  ol  glucose,  but  not  ol  pyruvate. 

In  1915,  using  heavy  carbon  (C")  tracer.  Wood,  Brown,  and 
Werkman"”  added  labeled  acetic  acid  (CbbC'^OOH)  to  iermenta- 
tions  ol  corn  mash  by  Cl.  acetohutyliciun  and  C/.  hutylicuin.  Heavy 
carbon  was  detected  in  butanol,  acetone,  isopropyl  alcohol,  acetic 
acid,  butyric  acid,  ethanol,  and  in  carbon  dioxide.  The  carbons  ol 
the  butanol  produced  were  al)out  50%  C''  and  involved  the  1  and 
$  carbon  atoms.  Synthesis  Irom  acetic  acid  or  a  derivative  wa* 
postulated.  In  both  acetone  and  isoproj^yl  alcohol,  the  centra 
carbon  atom  was  tagged.  In  another  experiment,  labeled  butyric 
acid  was  employed  with  C''  at  the  1  and  S  positions.  On  additioi 
ol  this  acid  to  iermenting  corn  mash,  heavy  carbon  was  detected  ii 
ethanol,  butanol,  isopropyl  alcoliol,  and  acetic  acid.  I  he  imsitioiu 
ol  the  C' in  the  butanol  was  consistent  with  the  presumed  reductioi 
ol  butyric  acid.  Similar  evidence  indicated  that  acetone  was  con. 
venal  to  isopropyl  alcohol.  .Sttitlies  such  as  these  t.ithcate  th. 

oresence  ol  quite  reversible  systems. 

Cohet,  attti  Clohen.Hanre--'”  in  l‘M!»  a.ttl  1-15(1  employee 
washetl  cell  sttspensions  of  a  nt.tnltet  „i  strains  ol  Cl.  ncelobulyUnn, 
atiil  relatetl  ornanisins  lor  intet  inediary  tnctal.ohc  stinhes.  .Ml  stiaini 
Ittlietl  protlncetl  atetic  acitl  In.tn  pyn.vttte,  wh.le  l.utyrate  lonna 
tion  varietl  Itou,  considerable  atnounts  to  none,  tlepettdntg  on  1 

reanism  entployed.  .\rsenite  ininbited  hittytale  lotmatnn, 

^  : . rom  ovruvate 


not  acetate  lonnation.  .Ml  strains  ptmlnced  lactate  Iron,  pyruvate 
the  presence  of  Ih.oritle  resulted  in  detreased  acetate  and  hutyrat 
:!^i,'nhe  lactate  was  increased.  .Xt  the  beginning  ol  the  pytatvat. 
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conversion,  only  acetic  acitl  was  lorinetl,  wliile  later  bntyiatc 
formed,  perhaps  Iroin  acetoacetic  acid  which  may  be  derived  liom 
acetic  acid  condensation.  T  he  same  inv'estigators’^  found  in  further 
washed  cell  experiments  that  lactate  was  not  fermented  alone,  but 
ii\  the  jjresence  of  acetic  acid,  butyric  acid  was  formed.  Increasing 
the  acetate  concentration,  while  holding  the  lactate  constant,  re- 
stdted  in  increased  butyrate.  Butyrate  formation  was  inhibited  by 
fluoride,  arsenite,  and  hydroxylamine.  In  later  cxj.)eriments,  using 
washed  bells  of  Cl.  acetobutylicum,  (iohen  and  Cohen-Ba/ire’’*  found 
that  /i^-hydroxybutyric  acid  was  converted  to  acetone,  butyric  and 
acetic  acids,  .\cetoacetic  acid  was  also  attacked  by  some  strains  of 
organisms,  producing  butyric  and  acetic  acids,  while  others  formed 
only  acetic  acid.  Acetoacetic  acid  was  reduced  to  butyric  acid  in 
the  presence  of  lactate  or  pyruvate.  In  the  jnesence  of  arsenite,  in¬ 
creased  butyrate  residted.  l)a\ies'’  found  that  acetoacetic  acid  was 
not  reduced  by  cells  actively  fermenting  glucose  under  slow  decar¬ 
boxylation  conditions.  I  he  conversion  of  ^-hydroxy butyric  acid 
to  other  products  might  occur  as  follows:''^ 

2(;h.,«(;h()h*(;h.,c;()C)h - >  2(:h,,»c:()*(;h,(;()()h  -)-^h 

(:h/(;()*(:h/;()()h  +  h/)  - >  2C  h/;()()h 

(H/CO'CH/IOOH  +  4H  - >  (  H./IH/.H  (;()()H  +  H.,() 

I  he  summation  of  these  reactions  would  be: 

2c:h3*(H()h*(;h,(;(H)h  - >  (  H.cti^cn/ioon  +  ^cu.coon 

Studies  tvith  arsenite  and  fluoride  showetl  in  summary  that 


acid  by  lactate.  Fluoride  did  not  interfere  with  the  condensation 
reaction,  but  the  reduction  reactions  by  lactate  were  inhibited, 
while  reductions  by  pyruvate  were  not.  Acetylphosphate  was  not 


detected. 


was  not 


Rosenfeld  and  Simon-'  showed  in  1950  that  pyruvate  prodticed 


a 


hydrogen  formation  from  pyruvate  and  i 
fo- . .  -  . 


)wed  that  fluoride  decreased 
increased  the  butyl  jnoducts 
evidence  that  pyruvate  was 
:ityl  j^roducts. 


cd  that  since  potassium  and 
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niagnesiuni  promote  acetone  lormation  Irom  pyruvate  and  since 
potassium  and  magnesium  are  involved  in  the  conversion  ol 
pyruvate  to  phosphoenolpyruvate,'*'’  it  was  jx)ssible  that  this  phos- 
phorylated  compound  might  l)e  a  reasonable  intermediate  in  the 
butanol-acetone  lermentation.  It  was  lound  that  jjhosphoenol- 
pyruvate  was  lermented  by  ('J.  aceiohutylicum  Wei/mann  cell  sus¬ 
pensions  to  yiekl  acetone  and  butanol  or  butyric  acid.  About  2.6 
times  as  much  butyl  products  were  lormed  Irom  phosphoenol- 
jjyruvate  as  Irom  j)yruvate,  and  about  56%  more  was  lound  than 
was  j)roduced  from  pyruvate  in  the  presence  ol  iluoride.  Fluoride 
promotes  acetone  lormation  and  retards  the  lermentation  rate. 

'The  preceding  inlormation  is  a  very  brief  representation  ol 
only  a  fraction  of  the  studies  which  have  been  made  in  attempting 
to  elucidate  the  mechanisms  involved  in  the  butanol-acetone  fer¬ 
mentation.  T  here  are,  of  course,  still  many  unknown  lactors  to  be 
worked  out  and  hypotheses  or  theories  to  be  proved.  It  is  not  within 
the  scoj)e  of  this  book  to  go  into  detail  in  this  interesting  and  some¬ 
what  (ontroversial  field. 


RAW  MA  FFRIALS 

1  he  primary  carbohydrate  raw  materials  loi  the  butanol-acetone 
fermentation  processes  have  been  corn,  including  low-grade  coin, 
blackstra])  molasses,  and  high-test  molasses.  1  he  chaiactei istics  ol 
blackstrap  and  high-test  molasses  have  been  outlined  in  (chapter  3 
and  will  also  be  discussed,  to  some  extent,  later  in  this  chapter. 
Owen®'*  has  discussed  uses  of  blackstrap  molasses  in  several  lermenta¬ 
tion  jn'oeesses.  ,  i  • 

A  large  assortment  of  other  raw  materials  has  been  employed  in 

the  plant' or  studied  in  laboratories.  These  include  beet  molasses, 
wheat,  rice,  horse  chestnuts,  lerusalem  artichokes,  whey,  oat  hulls, 
l.agiissc,  llax  shives,  weed  hydnily/alc.  sidlile  waslc  li<|Uor, 
cassava,  hydrol,  assorted  starches  and  sugars  and  even  gar  lage. 

1 .74,83 

rlic  <<ini  employed  in  iiidusciial  operations  is  snltjeeled  to 
maenetie  separati.i.t  lor  retnoval  ol  eertain  metall.c  loretsn 
materials.  It  is  then  degerminated,  tlie  germ  being  nsed  to  ptodtite 
eorti  oil.  The  tiegerminated  meal  is  grotmd  relative  y  me  y  am , 
when  cooketl  in  water  lor  I  to  .S  htmrs.  eonstittites  a  eon,  e  c 
meditim  for  lermeiitalion  with  the  Weirmann  type  ol  Cl.  ti«/« 

butylicum. 
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lion, 


\V9ien  blackstrap  or  high-test  molasses  is  iisetl  lor  the  lermenta- 

. j,  the  media  are  generally  delicienl  in  available  nitrogen  anti 

jdiosjdiate.  Ciultnres,  such  as  the  Cl.  saccliaro-hutyl-acetonicum- 
liquefaciens'*'^  utilize  ammonia  nitrogen  in  their  nutrition 

afkl  tlo  not  need  complex  nitrogenous  sources,  such  as  are  retpiired 
by  certain  other  strains  (see  I’able  35). 

Ammonia  may  be  supplied  as  a  salt,  such  as  ammonium  sullate, 
or  as  atjueous  ammonium  hytlroxitle.  II  ammonium  sullate  is  used, 
a  buffer,  such  as  calcium  carbonate,  may  be  employetl  to  neutralize 
the  sulluric  acitl  remaining  as  the  ammonium  ion  is  metabolized. 
.Vmmonium  hytlroxitle  can  be  satislactorily  atltletl  at  intervals  to  an 
active  lermentatit)!!.  Phosphate  is  sujjplietl  generally  as  “super- 
phosjjhate,”  tvhich  is  a  calcium  acitl  pluisphate. 

Stillage,  t)r  “sloji,”  Irom  preceding  butyl  lermentatit)ns  ma\ 
not  be  considered  as  a  raw  material  in  the  same  sense  as  mt)lasses 
or  grain  in  that  it  is  not  necessarily  purchasetl,  but  is  usuallv  a 
lermentation  by-j)rt)tluct.  It  is  a  raw  material  lrt)m  the  angle  ol 
mash  or  metlium  composition.  It  may  be  enij^loyed  to  the  extent  ol 
30  to  40%  ol  the  total  volume  ol  the  medium.  The  use  ol  stillage 
in  making  up  the  mash  is  sometimes  relerred  to  as  “slopping 
back.  Stillage  is  used  lor  technical  and  economic  reasons.  The 
stdlage  or  sloj)  may  add  nutrients  to  media  which  are  nutritionally 
deficient,  such  as  high-test  molasses.  I  he  sloj)  addition  lowers  the 
lecjuiiements  lot  supplementary  nutrients.  T  he  solvent  yields  are 
also  sometimes  higher.  The  use  ol  large  volumes  ol  stillage  reduces 
idant  reejuirements  lor  water  and  also  the  total  volume  ol  stillage 
to  be  handled  in  disposal.  This  is  a  significant  item,  where  the 
stillage  is  to  be  evaporated  lew  use  as  a  leecl  supplement. 

In  1940,  Stdes  and  Pruess’*  described  what  they  relerred  to  as 
a  cris.s-cross  slop-back  procedure  between  ethanol  and  the  butanol- 
acetone  lernientations.  Certain  yield  advantages  were  claimed 

I  he  lunclamental  raw  material  lor  the  production  ol  butanol 
‘•om  mola.sses  ,s  sugar.  From  an  economic  sta.ulpoint,  there  have 
been  pnmardy  two  important  commercial  sources  ol  this  suPaw 
l.lac  ksliap  molasses,  and  what  is  known  as  hit.h-lest  molasses.  liiatk. 
strap  tnolasses  ts  the  n, other  h<|„or  rentaining  altet  tite  refining  of 

inversngi,  ^ 

Whet,  there  is  an  excess  of  sngar  cane  in  the  cane-growing 
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countries,  the  juice  is  expressed  iroin  the  excess  cane  and  con¬ 
centrated  to  about  70  to  75%  sugar  in  the  jjresence  ot  a  little 
mineral  acid.  T  hus  the  sugar  is  partially  inverted  to  avoid  crystal¬ 
lization  on  standing  and  contains  about  50%  invert. sugar  and  25% 
sucrose.  The  sucrose  cannot  be  readily  recovered  as  such.  I'his 
jji'oduct  is  knoevn  as  high-test  molasses. 

High-test  molasses  containing  75%  sugar  is  more  desirable  than 
the  blackstrajj  containing  52%  sugar  because  ol  economy  in  ship¬ 
ping  costs  and  technical  advantages.  Nonlermentable  solids,  in¬ 
cluding  salts  are  lower  in  high-test  molasses,  blackstrap  molasses, 
contains  many  additional  salts  used  to  aid  in  the  reccivery  ol 
crystalline  sucrose.  In  addition,  the  salts  in  the  original  cane  juice 
are  concentrated  as  much  as  the  juice  itsell  is  concentrated.  I'he 
types  and  chemical  comjjosition  ol  these  salts  vary,  d'his  j^artialh 
accounts  lor  the  wide  variation  in  yields  and  nutrient  reejui remen ts 
lor  dillerent  cargoes  ol  blackstraj).  I'he  molasses-termenting  butyl 
organisms  do  not  produce  solvents  Irom  starchy  grains  to  any  great 
extent  unless  ammonia,  or  its  salts,  and  a  satislactory  bulier  arc 
j)resent.  W^ith  these  suj>plements  added  to  grain  media,  the  yields- 
are  not  as  high  as  are  obtained  Irom  molasses  media  containing 
eejui valent  carbohydrate. 

I'able  'IH  shows  results  obtained  Irom  various  carbohydrate 
media,  using  molasses-lermenting  culture  A.  Yields  are  comjxuecl 
with  an  unaided  corn  iermentation,  using  a  Weizmann-type  culture 
of  (il.  acetobutylic  uni .  I  he  data  ol  I  able  .S8  probably  indicate  low 
proteolytic  and  sacc harolytic  powers  ol  culture  A. 

I’he  nutrient  reepurements  ior  high-test  molasses,  based  on  the 
sugar  content  and  using  no  slop-back,  are  well  established  at  IA%< 
ammonia  and  0.2%  phosphate  calculated  as  phosphorus  penmxicle 
The  ammonia  is  ordinarily  added  as  ammonium  hydroxide  on  : 
|)lant  scale,  but  it  may  also  be  added  as  a  salt,  such  as  ammoniun 

s id  late. 

Table  .S9  illustrates  the  ellect  ol  the  ammonium  content  oi 
solvent  yields  Irom  high-test  molasses.  In  these  examples,  thu 
ammonia  was  added  as  ammonium  sullate,  using  calcium  carbonata 

lor  neutralization. 

riie  ellect  ol  other  ammonium  salts  on  the  Iermentation  i 
shown  in  l  ahlc  Id.  In  each  cxain|,le.  ,H5%  liy  vohnne  ol  inolassc- 
slon-hack  was  nsed  an<l  an  e<|nivale.u  ol  I.S%  annno.na  based  on 
Calcium  carbonate  hntier  was  int  hnled  when  an  annnonnn.i 


sugar, 
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phosphate  as 

Hydroly/ed  with  HCd. 
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l  ABLi.  3‘J.  EFFEC  r  OF  AMMONLV  NI  EKOGEN  ON  SOF- . 

VFN  FS  PRODUCED  IN  Hl(;H-  rFS  I  MOLASSES  i 
MEDIA  A  I  CRI nCAL  LEVEL’ 


(.\n.LSO, 
employed 
based  on 
sucrose,  % 

\  1 L  etjniv. 
baseil  on 
sucrose,  % 

■Sucrose 
g  per 

100  ml 

Solvents 
g  per  1 

Solvent 

yield'’ 

% 

3.9 

1 .00 

5.91 

10.82 

28.40 

4.3 

1.10 

5.87 

10.48 

28.07 

4.7 

1.21 

5.89 

17.80 

30.22 

').() 

1 .30 

5.87 

17.92 

30.52 

5.4 

1.40 

5.95 

18.42 

30.95 

5.8 

1 .50 

5.97 

18.42 

30.85 

"  \\  bere  no 

ammonia  nitrogen 

was  employed. 

fermentation 

was  extremely  slow 

and  solvent  yields  were  negligible. 
*'  Based  on  sugar  as  sucrose. 


salt  was  used  except  tor  the  acetate.  The  same  culture  was  employed 
in  all  ca.ses.  In  the  table,  the  acetone  analysis  ot  the  total  solvents  is 
sliown.  Lhe  butanol-ratio  percentage  is  assumed  to  be  the  ditferencei 
between  100  and  the  acetone-ratio  percentage,  except  lor  3  to  4%- 
ethanol  wliich  is  j)roduced  consistently  and  is  considered  normal. 


r.Mu.E  10.  EFFECr  OF  VARIOUS  AMMONIUM  SALTS  AT 
OPI  LMUM  CONCEN  1  R.VnONS  ON  ACETONE 
AND  I OTAL  SOLVENl  YIELDS 


Source  of  Solvents, 

nitrogen  g  per  1 


(N’H.)  AO. 

17.00 

\H/;i 

10.00 

NH.NO, 

13.45 

CH.COOMh 

17.34 

NH.OH 

18.59 

”  .See  also  d  ar^in’^^  for  effect  of  nitrates. 


lolvents 
ield,  % 

Acetone 
%  of  solvents 

29.82 

22.2 

29.31 

22.5 

23.08 

40.9‘> 

30.42 

27.5 

31.58 

22.4 

d'he  ammonia  and  idiosphate  retpiirements  lor  blackstra| 
molas.ses  vary  with  the  molasses.  Ustially  less  is  needed  than  lo 
high-test  molasses.  It  is  desirable  to  test  the  requirements  in  th 
laboratory  lor  each  cargo  ol  blackstrap  molasses.  Lhe  ainmoni 
retiuirements  may  be  as  low  as  1.0%  ba.sed  on  sticiose. 

The  trse  ol  slop-back  is  benel.cial.  “Slop-back”  is  a  term  use- 
when  some  ol  the  slop  or  re.sidue  Iroin  the  stills  is  included  iii  1 1 
mohisses  nicdiuni.  Slop-lKuk  conlains  i.iucl.  |.iotcni  and  som( 
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residual  carl^ohydrates.  The  solvent  yield  is  generally  increased 
when  slojvhack  is  used  to  a  limited  degree.  1  he  slop  contains  by- 
jjroducts  oi  lermentation,  some  oi  which  are  toxic.  Wdien  slopjjing- 
back  is  practiced,  the  lermentations  must  be  watched  caretully. 
When  slow  lermentations  begin  to  ajij^ear,  slop-back  shoukl  be  dis¬ 
continued  lor  one  complete  cycle.  I'he  continued  use  (il  “slop- 
back”  ioi'  the  blackstrap-molasses  process  on  a  jdant  scale  has  been 
iound  to  build  ujj  much  residue  detrimental  to  the  lermentation. 

Table  -11  show's  the  effect  of  various  volume  jjercentages  of 
“sloj)-back”  in  both  blackstrap  and  high-test  molasses  media.  I’wo 
different  cultures  were  used.  Culture  A  ordinarily  yields  86%  to 
■f0%  acetone’’  while  (ulture  R  yields  about  22%  to  26%  acetone.” 


I  able  41.  EFFECr  OF  1  HF  USF  OF  “SLOP-BACK”  ON 


SOLVENT  YlFLffS  FROM  HIGH-TEST 
BLACKSTRAP  MOLASSES 

AND 

T ype  of 
.Molasses 

Mola.sses  .Sucrose  in 
(iulture  slop-hack 
used"  volume  % 

Final  Beet 

1  otai 

original  .solvents 

mash,  %  Brix  pH  g  per  1 

Yield 

ha.sed  on 

sucrose 

% 

Blackstrap 

Blackstrap 

High-tcsl 

lligh-tcst 

High -lest 

Blackstrap 

Blackstrap 

Blat  ksliap 

Migh-iesi 

High -lest 

I  ligh  test 


A 

A 

A 

A 

A 

.\ 

B 

B 

B 

B 

B 

B 


10 

20 

40 

10 

20 

40 

10 

20 

40 

10 

20 

40 


7.50 
7.55 
7.0.1 
7.18 
7.18 

7.51 
5.81 

5.81 
5.95 

5.82 
5.82 
5.00 


4.8 

5.1 

5.2 
2.0 

1.9 

2.2 
1.() 
1.8 
4.1 
1.0 
1.0 
1.0 


0.40 
0.00 
(i.45 
5.5() 
5.()4 
5.09 
0.14 
0.41 
().5 1 
5.07 
5.81 
5. (id 


20.59 

21.12 

22.19 

2 1 .84 
22.10 
22.05 
10.78 

17.84 
1 8.10 
17.01 
1 8.1() 
I  7.7(> 


27.4 
28.3 

29.1 
29.0 
.10.2 

10.1 

28.9 
10.7 

10.9 
10.1 

11.5 
10.1 


"  (.ulture  .\  is  a  strain  of  Cl.  saccharo-butyl-acetonu  it 
is  a  strain  o(  CL  sficcIturo-butyl-aretouicH 


»i-li<juela<  it  us.-' 


( ill. t lire  B 


I  ><i  ol.  a  rcsKlue  Iron,  ,l,e  n,an„lac„„e  of  crystalline 

<  ext,„se  Iron,  corn  starch.  Hect  ntolasses  gene, ally  to„nL,„!ls  !, 
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Tarvin,^®'^*’  Loiighlin,’’*  and  Hall.^^  Studies  witli  sugar  beet  crowns 
have  l)een  made  recent ly/'* 

Hydrol  contains  about  (>()%  sugar.  It  has  been  used  tom 
inercially  to  produce  butanol  when  mixed  with  corn  meal,  using 
the  W'ei/.mann  process  and  with  cane  molasses,  using  the  sugar 
lermenting  organisms.  In  the  second  procedure,  the  same  nutrient'; 
are  used  as  with  100%  cane  molasses.  Maximum  yields  are  ob 
tained  il  hydrol  is  sLd)stitutecl  lor  molasses  to  the  extent  ot  about  1( 
to  20%  cjI  the  total  sugar,  but  even  then  the  yields  have  oltei 
been  lowered  Avhen  comjjared  with  yields  irom  cane  molasse 
media.  Methods  oi  utili/ing  hydrol  have  been  described  b" 


Lotighlin,'’*'  Muller,®"  and  others.^*  ®^  *^" 


Considerable  laboratory  work  has  been  clone  on  the  lermenta 
tion  cit  wood  sugar  obtained  directly  as  wood  hydroly/ate  or  as  wast« 
sidfite  litjuor.®®'"®“'^  I  here  are  certain  interiering  agents  in  wast* 
sulfite  licjuor  which  can  be  removed  by  distillation  and  lime  treat 
ment.  However,  the  concentration  of  sugar  tolerated  is  com 
paratively  low  and  no  record  is  available  showing  what  has  beei 
clone  on  a  commercial  scale. 

.Attempts  have  been  made  lor  a  number  of  years  to  fermen 
xylose  jjroduced  by  the  hydrolysis  of  jjentosans  and  celhdosi 
material,  such  as  corncobs.  Early  residts  showed  that  at  least  50% 
of  the  carbohydrate  must  be  from  such  source  as  corn.''"  In  1945 
I'suchiya,  Van  Lanen,  and  l.anglykke’"  described  methods  for  fe* 
menting  a  medium  containing  only  xylose  as  its  carbohydrat 
source.  An  assimilable  nitrogen  source,  such  as  ammonium  sullate 
was  recpiired,  as  well  as  phosidiate,  and  finely  divided  iron  to  remov, 
toxic  substances,  including  coiiper.  .About  HO  to  88%  ol  tlie  suga 
was  fermented.  Ciorn  steej)  licpior  was  employed  as  a  supplement. 

Whey  and  related  lacteal  products  have  also  been  subjected  t: 
the  butanol-acetone  fermentation  process.  Such  fern\entations  wen 
studied  in  Germany  by  Frey,  Cdiick  and  Oehme’’  and  by  others  i 
lapan  and  in  the  United  States.  A  particular  use  of  this  proce?- 
was  developed  in  relation  to  riboflavin  synthesis  under  special  con 
clitions  (Chajner  5,  Volume  II).  Even  garbage  can  be  fermented  f> 
the  method  of  Jean^'‘  with  a  culture  identified  as  C/.  felsnuie.  Abon 
10  gal  of  .solvents  j^er  ton  of  raw  material  was  reiiortecl. 

Other  somewhat  sjiec iali/ed  modific.itioiis  have  a  so  e’ 
(Icscribwl.  Tarvin”  used  nilia(cs  and  ochei  agents  I”  nioddy  solve. 

Tlie  nse  of  l.nlleis  was  ilesei  ii.etl  by  l.egg'  and  NtacDonald. 
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Rawano"''’  claimed  that  the  presence  of  acetates  improved  the  fer¬ 
mentation  and  allowed  the  use  of  higher  sugar  ccjncentrations.  In 
HM5,  ^Vei/mann'’"  employed  rice  bran  in  the  molasses  fermentation 
with  C.l.  acetobutyUcum,  and  claimed  that  up  to  10%  sugar  could 
he  utili/ed.  The  residues  were  sources  of  vitamins. 

In  1945,  Gavronsky^°  described  a  procedure  lor  the  fermentation 
of  nonsterile  mashes.  This  involved  the  development  of  the  culture 
in  stages  which  utilized  such  relatively  high  inoculum  percentages 
in  later  stages  that  the  clostridial  cidture  outgrew  the  contamination. 

Recently,  considerable  work  has  been  clone  by  Ibiited  States 
Government  laboratories  on  the  production  of  licpiid  fuels  from 
farm  waste  materials.  The  investigators  have  discovered  that  the 
incorporation  in  the  media  of  corn-steej)  liejuor,  ethanol  stillage 
from  grain  fermentation,  or  a  percentage  of  corn  meal  jjermitted 
satisfactory  fermentation  of  hydrolyzate  licpior  from  corncobs.  Corn 
meal  appeared  to  be  the  most  effective.""* 


FERMENTATION 

General  Ec{uipiiieiit 

Molasses  is  generally  stored  in  large  outdewr  tanks.  It  is  moved 
by  jjumping  and  in  very  cold  weather,  provision  for  heat  apj)lication 
to  some  pijie-lines  may  be  necessary  to  reduce  the  viscosity  and 
inciease  the  flow  rate.  Other  raw-material  storage  tanks  must  be 
avadable  as  well  as  mixing  and  slurry  tanks  for  the  preparation  of 
media. 

Ciorn  is  delivered  in  the  shelled  state  and  is  stored  in  grain 
elevators.  Cbinding  is  clone  on  roller  mills  and  it  is  desirable  to 
remove  the  germ  for  oil  recovery,  liy  the  dry  degermination  system, 
1  lb  of  od  can  be  recovered  per  bushel  of  corn.  liy  the  use  of  the 
wet  degermination  system,  the  oil  yield  is  increased. 

Inoculum-development  tanks  are  recp.ired  and  will  varv  in 
size  and  vedume  ratio  in  different  jilants  as  noted  later  under  “Seed 
fermentation.”  Ehe  usual  construction  material  is  steel.  Eciuip- 
ment  must  salely  withstand  sterilization  under  15  psi  steam  pressure 
noculum  tanks  should  be  ecp.ipped  with  a  means  of  agitation,  since 
the  medium  may  be  cooked  and  cooled  in  the  tanks 

tank  o,  ,n  aguated  hatch  cookers.  C:o„ii„uo„s  cooking  is  also 
en, ployed,  .k  con,.,, nous-cooking  systen,  lo,  the  grain-alcohol 
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process  was  first  clescrihecl  by  Uni>er.’’  A  similar  system  applied 
to  molasses  mash  was  described  in  1917  by  (larnaritis.”  Quick 
sterilization  is  evidently  essential  in  handling  pentose  meilia  or 
toxic  protlucts  may  be  obtained.’^ 

(lontinuous-cooking  systems  make  use  of  a  continuously  llowing 
stream  of  medium  which  is  heated  by  steam  through  an  injector  at 
the  beginning  of  the  How.  The  medium  can  either  be  made  up  in 
a  slurry  tank  and  fed  to  the  steam  injector  or  each  ingredient  can 
be  fed  in  solution  or  sus[)ension  to  the  line  at  a  point  in  the  flow. 
I  he  systems  are  so  designetl  that  they  retpiire  enough  time  lor  the 
mash  to  reach  the  coolers  at  the  desired  temperature  to  sterilize  the 
mash  yet  not  overcook  it.  d  his  is  usually  done  by  a  series  of  tanks 
or  by  a  pipe  coil.  For  example,  holding  at  279  to  280  F  foi  2  to  6 
minutes  may  be  desired. d  his  cooker  design  is  gaining  favoi 
because  of  its  over-all  efficiency,  freedom  from  pockets,  and  ease  of 


operation. 

For  the  batch  system,  the  conventional  horizontal  cooker, 
equijjjied  with  a  28  to  -lO  r}mi  agitator  with  rakes  attached,  may  be 
used,  d  his  should  operate  safely  at  .HO  psi  steam  pressure.  A  centri¬ 
fugal  mash  jnimp  is  used  to  move  the  mash  through  the  tubidar  heat 
exchangers  and  to  the  fermentors.  Caipjier  tubes  may  be  used  in  the 
heat  exchangers  because  of  a  low  corrosion  rate.  Stainless  steel  may 
also  be  used.  With  cojiper,  there  is  some  danger  of  picking  up 
enough  copper  to  be  harmful  to  the  fermentation.  This  is  less 
pronounced  when  “slop-back”  is  used.  Presumably  the  copper  is 
inactivated  by  a  proteinaceous  slop  constituent,  d  his  is  shown  by 
the  laboratory  experimental  data  presented  in  I  able  12.  Sinn  ai 
data  have  been  obtained  with  other  copper  salts,  d'he  interference 
nf  copper,  along  with  other  agents,  has  also  been  noted  in  the 

pentose  fermentation.’^ 

Ferinemors  inav  l)0  ol  varied  shapes  and  si/es;  they  are  usna  y 
cylindrical,  with  hetnisphcrical  tops  and  bttttoms.  ‘'“‘S™;' 
sL.d  the  sterilising  pressnres.  They  shonKI  he  pocket-l  ee  and 
easily  cleanetl  and  sterilised.  .Ml-weltled  cnnstrncn.m  ,s  dtj.ral  k 
lor  this  reason.  .Since  the  inocnlnn,  and  lernientor  vessels  . 

:ri;is:d  with  stea,,,.  they  ntnst  he  ntainta.ned  nndet  stertle  an-  o 
lerntentor-gas  pressnre  when  cooling  or  vaentnn  n.ay  to  lapse 
vel-h  I-he  relative  atnonnt  ol  t,ir  or  gas  nsetl  is  stnttll  and  .h>es  not 

require  large  sujiply  installations. 
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lABiK  12.  KFFECr  OF  OOPFFR  ON  I’HF  MOLASSFS 
larr A N O L- A O FIX) N F  F F R M F N 1  Al' I O N S 


l-oppci  addcci 
ml  1  %  CuSO/aH/) 
solution  |)cr  1 

I’rotein 

material 

added 

120  hours 
mix 

Final 

ptl 

Final  sohents 
g  per  1 

None 

•None 

2.3 

.7.7  1 

16.84 

1  ..S.S 

7.1 

— 

trace 

1.0 

7.3 

— 

t  rate 

().()7 

7.3 

— 

trtice 

3.1 

7.36 

1 4.67 

None 

3,7  vol  % 
inola.sses  slop 

3.0 

7.7(i 

1 6.55 

1  ..‘5.'? 

** 

3.1 

7.74 

15.17 

1.0 

** 

4.1 

7.34 

1 1 .86 

0.67 

** 

3.2 

5.37 

14.44 

0.33 

tt 

3.1 

5.26 

14.77 

None 

S.3  g  per  1 
|>ei)tone 

3.0 

5.48 

15.58 

1 .33 

** 

8.0 

- - 

t  race 

1.0 

3.7 

5.71 

13..30 

0.67 

3.7 

5.58 

1 3.00 

0.33 

*’ 

3.0 

7.51 

15.28 

None 

0  g  per  1 
egg  albumin 

2.3 

5.70 

16.66 

1 .33 

3.0 

— 

13.56 

1.0 

” 

3.0 

— 

13.95 

0.67 

’ 

3.0 

— 

14.28 

0.33 

” 

3.0 

— 

17.38 

Somce: 


Data  (aimlcsv  of  C 


oniniercial 


SoUents  C'.orpoi atioii. 


Ooniinuous  lennentation  has  also  l)cen  studied, hut  l)at(ii 
lei nientaiions  have  generally  been  used  ( oinniercially. 

Lalioratory  Development  of  the  Culture  to  Plant  Staire 

Soil  eultures  having  been  established,  their  plant  application 
must  be  considered.  Fhe  molasses  cultures  may  he  started  on  potato 
medium.  Fhis  medium  is  made  by  placing  250  g  of  potatoes  in  an 
autoclave  and  bringing  the  steam  pressure  up  to  15  psi.  Pressure  is 
released  and  the  potatoes  are  then  removed  and  peeled.  I'lie  mash  is 
prepared  by  blending  5  g  glucose,  2  g  calcium  carbonate,  and  tlie 
potatoes  111  a  Waring  blender  with  enough  taj)  water  to  make  1  1  of 
medium.  About  15  ml  of  this  medium  is  then  dispensed  per  tube 
into  10  X  %  in.  test  tubes,  whicli  are  plugged  and  sterilized  for  an 
hour  at  20  psi  steam  pressure.  For  the  corn-fermenting  ctilttires, 
a  5%  dry-basis  corn  mash  is  employed  in  the  same  type  ol  tubes. 
■Ntei  ih/ation  is  lor  at  least  2  hours  at  20  jisi. 
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1  o  start  either  culture,  a  small  amount  ol  the  soil  culture, 
about  0.1  g,  is  placed  in  each  tube  ol  medium.  I'he  tubes  are 
“shocked”  by  steaming  in  a  cabinet  steamer  lor  00  seconds.  I'his  aids 
in  activating  the  spores.  Immediately  lollowing  the  steam  shock, 
the  tubes  are  cooled  in  cold  water  lor  about  00  to  90  seconds  or 
until  the  temperature  ol  the  C(intents  is  about  ,S1°(>  lor  the  molasses 
cidtures  and  .S7°C  lor  the  corn  cultures.  The  molasses  cultures  are 
incubated  at  31°C  lor  24  hours,  alter  which  the  contents  ol  each 
jiotato  tube  are  transierred  to  a  500  ml  Erlenmeyer  ilask,  containing 
300  ml  ol  sterile  molasses  medium.  I'his  medium  contains  5.0% 
ol  sugar  as  sucrose,  calcium  carbonate  and  ammonium  sullate  each 
to  the  extent  ol  5.1%  based  on  sucrose,  and  “superjjhosphate  to 
the  extent  ol  0.2%  as  phosphorus  pentoxide  based  on  sucrose. 
Cirain-lermenting  cultures  are  handled  similarly,  except  that  grain 
mash  is  employed  in  place  ol  molasses  medium,  and  incidjation  is 
at  about  30°  to  37°C,  instead  ol  about  3rC. 

T  he  inoculated  molasses  llasks  are  inctdjated  lor  24  houis  at 
31°C.  One  ol  these  is  then  usetl  to  inoculate  2,900  ml  ol  the  same 
medium  in  a  4-1  Erlenmeyer  Ilask.  Alter  another  24  hours  at  31°C, 
this  Ilask  is  used  to  inoculate  the  first  plant  inoculum  vessel.  To  be 
satislactory,  this  4-1  ilask  inoculum  should  show  a  highly  active 
cidture  when  a  sample  is  examined  on  a  hanging  drop  slide;  the 
Ilask  shoidd  exhibit  rajnd  gas  evolution  and  the  jTI  should  be  about 
5.4.  It  is  essential  that  the  iermentation  should  not  be  too  lar  along 
or  later  development  stages  may  suller.  I  his  can  be  checked  by 
comparing  the  Brix  ol  the  original  mash  with  the  Brix  ol  the  ler- 
menting  Ilask  and  with  one  that  has  been  completely  lermented. 
Ehe  Brix  value  lor  the  inoculum  should  be  about  hallway  between 

these  extremes  at  the  time  ol  its  use. 

The  corresponding  corn  llasks  are  incubated  at  37°(:  and  one  is 
used  to  inoculate  2,900  ml  ol  0.5%  corn  mash  in  a  4-1  Erlenmeyer 
flask.  I'he  same  general  controls  apply  to  this  Ilask  as  to  the  siimlai 

molasses-lermenting  Ilask. 

Plant  Fermenlalioii 
STFRII.IZATION  of  Ec)lllPMFNr 

I,  i,  ol  primary  importance  to  keep  the  operating  ecpnpment  as 
dean  tm,  stirile  as;oss'i,„e.  The  conta.nina.ing  ; 

ntash  which  ttccmnnlates  i.t  pockets  or  t.ev.ces  ,n  the  systc.n, 
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lore,  lilies  nnd  vessels  should  be  smooth  untl  jiocket-liee.  Welded 
lines  and  gate-type  valves  are  used  satislactorily  lor  the  mash. 

Steam  is  the  generally  emjiloyed  sterilizing  agent.  1  he  etjiiip- 
ment  should  have  ample  provisions  lor  the  draining  of  condensate 
Suul  venting  of  air,  otherwise  the  temjierature  may  be  too  low  at 
])oints.  There  is  no  standard  time  nor  temperature  for  sterilization, 
d'his  must  be  learned  by  experience.  In  general,  the  system  should 
lie  as  simple  as  possible;  steam  shoukl  be  applied  to  all  portions  of 
the  etjuijmient  which  are  in  contact  with  the  mash.  Sterilization 
control  should  be  by  temjierature  rather  than  by  jiressure.  (diemical 
disinfectants  may  be  used  on  equipment,  lloors,  etc.,  to  promote 
exterior  sterility. 


Sf.F.D  DFVFLOi’.MFN  1 

T  he  laboratory  culture  may  be  available  in  3-1  cpiantities  in 
1-1  flasks.  1  he  volume  of  the  first  plant  generation  may  vary  from 
ai)out  75  to  HOO  gal.  I'his  is  determined  in  j^art  by  the  cidture  being 
used  and  in  j)art  by  the  ]ireference  of  the  technical  staff  of  the 
manufacturer.  .V  3-1  inoculum  has  been  successfully  used  com- 
meicially  to  inocidate  /0()  gal  of  mash,  d  his  amounts  to  an 
inoculation  ratio  ol  about  0.1%  by  A'olume. 

.Molasses  seed  mash  may  be  made  up  without  ammonium  salt, 
aqueous  ammonia  being  added  during  the  iJrogress  of  the  fermenta¬ 
tion.  However,  it  is  more  desirable,  because  of  danger  of  over 
neutrahzation  at  this  stage,  to  add  to  the  cook  an  ammonium  salt, 
pieleiably  the  sulfate,  and  a  butter,  such  as  calcium  carbonate. 
The  amount  of  each  should  be  alxmt  5.-1%  based  on  sucrose. 
.\dditions  will  vary  somewhat  with  the  molasses  used  as  noted  in  the 
section  on  raw  materials.  Usually  about  0.2%  phosphate  as  phos- 

phorus  pentoxide,  based  on  sucrose,  is  also  added  in  the  form  of 
a  calcium  phosphate. 

A  ccnnu.nly  used  lype  ul  cockci  is  tl,e  bakh  cukcr  The 
cuokc,  ,s  <ba,f;«l  with  ,hc  dcsbcl  walor,  nu, lasses,  earl, .male, 
ainiiionimn  salt,  ami  pliosphale  loi  several  seetl  tanks.  This  is  then 

n,H  riK'n  ''"r“  ">ust  be  taken 

t  ot  o  bta  l„„  l„n,^  n„r  t„<,  hot.  The  tnaxinnnn  temperature 

sbuttld  tt„t  be  ever  1 18-C,  t,„t  the  time  ever  (ill  tnitttttes.  The  ntasb 

ts  thet,  putnped  but,  tltronsb  stea.tt-slerilbed  lines,  t„  the  seed 

tattks  tvbere  tt  ts  beltl  at  cooking  tetttperatnre  a  short  littte  an, I  dm 
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cooled  with  jacket  water  to  30°  to  31°(k  (a)okiiig  may  also  be  done 
in  seed  tanks  with  agitators. 

I  he  vessel  is  now  ready  lor  inocidation.  For  control,  the  l>rix 
and  jjH  shotdd  be  measured,  llie  number  ol  translers  ol  inocidum 
in  the  plant  depends  on  the  volume  ol  the  final  lermentation  vessel. 
T  hese  \'olnmes  are  known  to  range  Irom  50,000  to  500,000  gal.  The 
percentage  ol  inoculum  used  Irom  stej)  to  stcj)  may  vaiy  somewhat 
with  the  culture  and  sj^eed  desired,  l)ut  it  usually  runs  Irom  2  to  4% 
by  volume.  Higher-percentage  inoculum  results  iu  a  shorter  ler¬ 
mentation.  Very  high  inoculum  percentage  is  daimed  by  Ciavron- 
sky'"**’  to  bring  about  such  raj)id  lei  mentation  that  nonsterile  mash 
may  be  employed  in  the  final,  largest-stale  stages  t)l  development 
without  risk  ol  excessive  t ontamination  or  loss. 

The  original  Hrix  and  pH  on  the  seetl  tank  are  measured.  1  he 
initial  pH  should  be  about  5.8  to  6.4.  For  an  80()-gal  seed,  with  a 
3-1  inoculum,  pH,  Brix,  anti  gas-rate  measurements  are  obtainetl 
al)out  24  ht)urs  alter  intx illation.  T  he  Brix  shoultl  have  droj^ped 
at  least  1.5  points,  the  j)H  will  be  lower,  possibly  around  5.4  tt)  5.5 
anti  using  a  Smith  gas-rate  tid^e,  the  gas  evolved  shtiultl  replace  .it 
least  3  in.  ol  litpiid  in  the  tube  in  60  minutes.  T  he  culture  should 
be  examinetl  micrtiscopically  by  the  hanging-drop  methotl  as  .ihe.uly 
noted  under  laborattiry  development. 

An  aerobic  agar  j^late  shoultl  lie  made  about  10  to  12  hoius 
before  the  seed  is  iisetl  lor  inoculation.  T  his  shtiuld  be  intubated 
at  37°C  and  shoultl  shtiw  no  aerobic  grtiwth.  T  he  seetl,  il  normal. 


sht)uld  be  ready  to  use  at  an  age  ol  26  to  28  hours. 

The  handling  ol  the  corn  seetl  tanks  is  very  similar.  T  he  mash 
is  made  uj)  to  6.5%  dry  corn  meal  concentration  anti  is  cotiked  00 
min  at  I33°T.  No  added  nutrients  are  retiuired.  1  he  control 
analyses  are  the  same  as  lor  molasses  operations  except  that  titrat- 
able  acitlitv  is  run  at  intervals  to  chetk  the  jirogress  oi 
mentation,\vhile  pH  and  Brix  are  not  run.  Incubation  is  at  .1/  t.. 


Fi:RMF.Nlt)R  Ol'F.RATlON 

.\li)lasscs  is  likelv  lo  KiiUaiTi  a  <<.nsi.kralilc-  auiouiu  ol  air.  I'or 
ll.is  reason,  i.  shoul.l  lie  wciglu-il.  I.  is  |.nn.|.e.l  Iron,  . he  slorage 
tank  to  the  seale  lank  anil  ihen  lo  the  mashing  tun.  I  his  lin 
nrevionsly  |>arlly  hlleil  will,  water,  anil  will,  a  iiielerei  amount  ,1 
rion  lo,  slop. I, ink.  The  molasses  is  weighe.l  in  anil  phospha, 
solution  is  metered  in.  Ho,  wale.  In,,,,  the  cooleis  can  he  „t,l,/.ci 
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in  the  mash  as  a  measure  ol  heat  economy.  Because  ol  tlie  buhei 
salts  jnesent  in  l)lackstrap,  it  is  j)ossil)le  to  acid  a  j)ortion  the 
ammonium  hydroxide  retjuired  here  beiore  cooking.  1  his  canncjt 
be  done  when  using  high-test  molasses.  1  he  cook  is  made  to  volume 
''and  dropj)ed  to  the  cooker.  Cooking  lor  1  hour  at  is  generally 

adecjuate;  excessive  cooking  is  to  be  avoided.  1  his  also  aj)plies  to 
the  use  ol  various  continuous  cooking  methods  which  are  mentioned 
under  “general  ecjuijiinent.”  The  hot  cooked  mash  is  then  ]jum[)ed 
through  sterile  lines  and  tidjular  coolers,  i.e.,  heat  exchangers,  to 
tile  sterile  lermentator;  it  arrives  at  a  temperature  ol  30°  to  31°C. 

T  he  lermentor  is  inocidated  with  about  2  to  4%  by  volume  ol 
active  seed  as  noted  jjreviously.  For  control  the  original  Brix  and 
pH  on  the  lermentor  are  obtained.  The  lermentor  shoidd  start  gas 
evolution  at  a  lairly  rapid  rate  within  (i  to  8  hours  alter  inocidation. 
I'he  pH  shoidd  drcjp  and  when  it  reaches  5.2  to  5.3,  the  addition  ol 
aqueous  ammonium  hydroxide  can  be  started.  This  can  be  metered 
in  increments  with  about  1  hour  elapsing  between  additions.  The 
pH  should  never  be  allowed  to  rise  much  above  8.5  or  lermentation 
will  stop. 

At  intervals,  aerobic  plates  are  made  tor  checking  contamina¬ 


tion.  Serious  contamination  may  be  evidenced  by  abnormally  acid 
pH  values  anti  by  cessation  ol  gassing.  It  is  economically  important 
to  recover  as  much  unlermented  sugar  as  possible  Irom  badly  con¬ 
taminated  lennentors.  Neutralization  with  sodium  carbonate  and 
reconstitution  with  some  added  molasses  lollowed  by  recooking  may 
be  employetl.  II  a  considerable  amount  ol  solvents  is  present,  the 
lieer  should  be  run  through  the  beer  stills  with  the  stillage  or’slop 
being  used  with  supjdemental  nutrients  to  charge  another  ler¬ 
mentor.  A  normal  lermentor  finishes  its  lermentation  in  about  40 
to  45  hours  and  is  ready  to  drop  to  the  beer  stills. 

4  he  mash  and  seed  lines  shoidd  be  washed  each  day  by  pump¬ 
ing  a  cook  ol  hot  sterile  water  through  the  entire  system  when  the 
(lady  run  is  finished. 

When  eoni  ,s  used  as  ihe  raw  inaleiial,  ihc  meal  is  weiahetl 
.iK.irped  t„  a  n.asi,  lun  partly  I, Med  will,  water  at  (i5"(;.  the  desired 
— ><  -I  pl-p-itaek-  is  atlded.  the  material  is  maslmd  alitm: 

a  Ids  (,  I,  ,  !I0  m„„„es.  I  itralahle  acidity  tt.rves  are  run  instcnl 
nl  Hnx  and  pH  to  cheek  the  eonrse  of  lermemalion.  Fermem  ition 
tem|,eralme  is  ;)7“C:  as  lor  previous  steps.  i™tatio,i 
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1  able  13  shows  the  ellect  ol  temperature  on  the  molasses  fer¬ 
mentation,  with  three  tlitterent  strains  of  organisms.  I'lie  ellect  of 
temperature  on  solvent  ratio  is  (piite  important  and  was  utili/.etl 
in  a  patent  issued  to  (larnarius’  in  1938.  In  this  process,  the  fer¬ 
mentation  starts  at  3 1  “(I;  at  Hi  hours,  it  is  cooletl  to  2-1. .5°^.  The 
butanol  ratio  is  appreciably  increased. 


rAui.E  13.  EFFECT  OF  FERMENTATION  TFMI’FRAI  URF 
ON  SOLVENT  YIELDS 


Yield 

.Veetone 

1  ermciiiatioii 

I’oial 

based  on 

in  total 

tenipcralure 

Filial 

F'iiial 

.solvents 

sucrose 

solvents 

Culture" 

°C 

Brix 

pfl 

g  per  1 

% 

% 

■fo  to  :ii 

3.() 

5.53 

21.30 

31.00 

C 

” 

8.4 

3.92 

19.12 

31.49 

If 

»» 

2.8 

5.80 

10.04 

31.04 

22.8 

3.2 

5.51 

21.80 

31.73 

c 

»» 

3.2 

5.75 

10.09 

27.31 

u 

” 

3.1 

5.78 

10.47 

30.01 

20.1 

.H7 

4.8 

5.53 

10.12 

23.40 

c 

” 

4.1 

5.01 

14.02 

22.94 

B 

*» 

3.3 

5.34 

13.92 

25.87 

38.3 

“Culture  A  is  a  strain  of  Cl.  sacrharo-butyhacetonicuni-liquefddens.'^  Culture 
C  is  a  strain  of  Cl.  snrcliaro-biityl-acetouinim-liquefadens-^amina.^^  Culture  li  is 
a  strain  of  Cl.  saccharo-bulyl-acetonicum-luiuejadens-deltid' 


RECOVERY  OF  PRODUCIS 

The  comj)letely  fermented  meditun  is  generally  termed  l^eei. 
This  l.eer  .nay  (....tain  1.7  to  2.1  g  ol  loial  solvents  pel  HHI  ml. 
tiepen.ling  on  the  initial  cai hohythate  eo.ieentiation  anti  on  the 
tenil.eiatine  an.l  t  nltine  nsetl.  I  he  latio  .)!  ethanol,  l.ntanol,  am 
acetone  will  also  he  vaiaal.le.  The  heel  may  he  tempo.ai.ly  sto.eti 
in  a  huge  holding  vessel,  o.'  "hecT  well,”  |n  ioi-  to  distillauon. 

rlie  heer  is  Mist  it.n  throtigh  a  hcer  still  which  snips  oil  tht 
solvents.  This  is  a  continnot.s-type  still  of  about  thirty  peilo.ated 
.dates  in  which  the  bee.  enters  near  the  top  and  Hows  down  thiotigh 
upliowing  steal.,  which  vaporizes  the  solvents.  ' 
crt.tle,  mixed  solvents  are  condensed  by  cooling  and  yield  .  to  . ten 
irate  of  aho.it  1(1%  by  weight  ol  total  mixed  sohen  s 
solvents  are  then  separated  by  fractional  dis.illalion.  .\  h.gh-bo.l.  g 
fraction  is  also  obtained  whith^is  calletl  "yellow  oil  and  is  compost 

of  higher  alcohols  and  esters.^’ 
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Christensen/'’  in  I9.S9,  showed  that  tlie  l)iitanol-aeetone  and  the 
ethanol  fermentations  eonld  be  operated  sej^arately  with  a  eoin- 
hination  ol  products  on  recovery  to  yield  a  j)ower-alcoh(^I  product 
whicli  blends  readily  with  hydrocarbons. 

^  Anionf*  the  by-products  of  the  biitanol-acetone  lennentation 
process  are  the  fermentaticjn  gases,  llie  amount  produced  Iroin 
cidtnres  giving  the  higher  butanol  ratios  is  about  4.7  cii  ft  jier  lb 
sucrose.  About  97%  by  vcjlume  is  carbon  dioxide,  the  remainder 
being  hydrogen,  (hdtiues  jjroducing  higher  acetone  percentage 
yield  a  greater  j)roportion  of  hydrogen  in  the  evolved  gases.  These 
gases  have  been  used  for  synthesizing  both  methanol  and  ammonia. 
I'he  carbon  dioxide  is  often  ccjnverted  to  dry  ice  (see  Chajjter  3). 
The  hydrogen  may  be  burned  or  used  as  an  industrial  chemical. 

ia-proi)uc:ts  and  wastes 

.\s  in  most  fermentation  processes,  the  disposal  of  stillage,  cn- 
slojj,  has  at  times  been  a  serious  problem.  It  was  discovered  by 
.Miner^^  in  1940  that  a  very  large  amount  of  riboflavin  along  with 
other  B-vitamins  was  produced  by  the  acetc^ne-butanol  fermentation 
ol  molasses.  A  prc^cess  was  worked  out  fcjr  concentrating  the  stillage 
by  distillation  to  a  syrup  which  was  evajmrated  and  dried.  Many 
tons  of  this  dry  material  have  been  and  are  being  used  as  a  vitamin 
supplement  lor  feed  stuffs  (see  Chapter  5  of  Volume  II). 

The  stillage  is  taken  directly  from  the  beer  stills  at  a  solids 
content  of  about  2.4  g  per  100  ml.  This  content  will  vary,  of  course, 
with  the  type  ol  molasses  and  with  the  concentration  in  the  mash. 

I  he  stillage  is  concentrated  to  about  one-tenth  the  original  volume 
m  triple-  or  (juadrujile-effect  vacuum  evaporators.  The  con- 

Iablk  44.  RIBOFLAVIN  IN  RESIDUAL  SOLIDS  FROM 
•MOLASSES  FERMENTAl  ION 


(airuirc" 

Sl()|)- 

hatk. 

% 

Total 
solvents 
l)ase(i  on 
sucrose.  % 

Acetone 

% 

Ril)oflavin  in 
final  solids 
Mg  irer  g 

.\ 

A 

It 

B 

None 

■40 

None 

40 

•SO. 4  7 
,S0.7 1 
•'ll.. 85 

31.85 

39.4 

40.1 

27.4 

20.7 

102 

95 

79 

71 

•  C.uliurc  A  is 
B  is  a  strain  of 

a  st.a.n  of  Cl.  saccharonnityl-acetonicum-linuefacic 
CL  ^<i<chaio-butyl-acetoincum-U(jue^ackus-delta.''^ 

ns.^  Culture 
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centrated  syrup  is  tlicn  dried  by  spray  or  drum  drying,  d'his  con¬ 
stituted  one  ol  the  early  coniinercial  riboflavin  concentrates  tor 
feeding  and  was  sold  with  60  to  100  jug  riboflavin  per  g.  I’he 
product  was  sometimes  fortified  to  form  a  more  jiotent  riboflavin 
concentrate. 

Chdtures  have  some  effect  on  the  riboflavin  production.  Cul¬ 
tures  giving  a  higher  acetone  ratio  have  sometimes  yielded  more 
riboflavin.  T  his  is  shown  in  I’able  44. 

Of  course,,  the  solids  in  the  slop  have  a  decided  effect  on  the 
concentration  in  the  final  feed.  Talile  45  shows  the  effect  of  the 
use  of  blackstrap  versus  high-test  molasses  as  a  raw  material. 


Table  45.  EFFECT  OF  TYPE  OF  MOLASSES  ON  RIBO¬ 
FLAVIN  POTENCY  IN  RESIDUE 


Blackstrap 
in  total 
molasses 
Volume  % 

High-test 
in  total 
molasses 
volume  % 

Yield  of 
total  solvents 
based  on  sugar 
% 

Total 
solids 
g  per 

100  ml 

RihoHavin 
in  solids  2 
Mg  per  g 

None 

100 

30.95 

3.47 

60 

10 

90 

32.16 

3.59 

()4 

50 

50 

30.36 

4.24 

58 

70 

30 

31.17 

4.49 

53 

100 

None 

30.40 

4.96 

49 

The  total  solids  shown  in  Table  45  are  somewhat  high,  partly 
because  ammonium  sulfate  and  calcium  carbonate  were  used  instead 
of  ammonia.  However,  the  increased  solids  due  to  the  use  of  black¬ 
strap  is  typical. 

The  feed  supjilenient  produced  by  this  evajiorating  and  drying 
process  contains  28  to  ,80%  protein.  .Since  notliing  is  employed  in 
the  meditim  except  molasses,  ammonimn  hydroxiilc  ami  some  in¬ 
organic  .salts,  this  Iirotein  is  evidently  largely  ol  bacterial  origin. 

I'.CONOMICS  .XND  COM I’ETI  TI VE  PROCE.SSES 
A  favoiahlc  economy  for  the  production  of  htitanol  from 
molasses  or  grain  is  dependent  mostly  on  the  cost  of  the  raw 
materials.  The  principal  competitive  process  is  the  synthetic  hntano 
process  The  prothiction  of  fermentation  acetone  cannot  compete 
with  acetone  synthesis  in  price.  This  leaves  hntanol  y 
prodtict  to  consider.  As  a  rule.  I  Hi  sticro.se.  in  the  form  of  molasses, 
s  cheaper  than  1  lb  sucrose  eipiivalent  in  the  form  of  corn.  Nor 


The  Bulanol-Aceione  Termenlations 


.885 


nially  butanol  can  l)e  produced  clieaper  Iroin  molasses  than  Iroin 
corn. 

Synthetic  butanol  Ircjin  ethylene  is  cjuite  a  competitor  lor  fer¬ 
mentation  butanol.  I  he  synthetic  jiioce.ss  recpiires  a  high  initial 
■Najjital  expenditure,  but  production  costs  do  not  fluc  tuate  as  widely 
because  of  more  stable  raw-material  costs.  I  he  piochicticjii  costs 
for  synthetic  butanol  or  acetone  are  not  a\ailable.  ft  is  significant 
that  by  far  the  greatest  amount  of  acetone  is  made  synthetically  and 
the  price  is  low.  Considerable  butanol  is  made  synthetically,  but 
the  exact  figures  aie  not  available.  I’here  is  every  reason  to  believe, 
however,  that  the  manufacture  of  butanol  by  fermentation  will  con¬ 
tinue  to  be  a  very  imjjortant  method,  though  fluctuations  in  jjrice 
and  availability  of  raw  materials  may,  at  times,  curtail  operations. 
Some  production  figures  are  given  in  'Cable  ‘lb. 


T  able  46. 

COMMERCIAL 

AND  ACETONE 

PRODUCTION  OF 

BUTANOL 

Thousands  of  Pounds 

Total  production  Production  of 

Production  of 

of  butanol 

acetone  by 
fermentation 

.  acetone  by 
•synthe.si.s 

1945 

129,364 

42.417 

307, .363 

I94r) 

126,233 

37,436 

298,148 

1947 

140,122 

39,996 

357,193 

1948 

not  given 

26,858 

443,7,50 

1949 

120,331 

24,825 

388,1,39 

1950 

147,326 

not  available 

48 1 .668 

Source:  IL 

S.  Tariff  C'.oinini.ssion 

Reports.'^” 

USES 


1  he  laigest  single  use  for  n-butyl  alcohol  is  the  manufacture  of 
Its  esters  for  use  in  the  protective-coatings  inchistry.  Other  im- 
portant  uses  are  in  brake  ffuicfs,  antibiotic  recovery,  urea-formal¬ 
dehyde  resin,  and  in  amines  for  gasoline  additives.  Uses  have  been 
detailed  by  Porter”  and  by  Prescott  and  I)unn."« 


BIBUIOGRAPHV 

1.  Arroyo,  R.,  U.  S.  Patent  2,113,471  (1938). 

2.  Arroyo,  R.,  U.  S.  Patent  2,113,472  (1938) 

3.  Arzberger,  C.  E.,  U.  S.  Patent  2,139,108  ('l938) 

4.  Keesch,  S.  C.,  U.  S.  Patent  2,439,791  (1948). 


886 


Ind  list  rill  I  berm  en  tati  ons 


4  a 

5. 

6. 


8. 

9. 

10. 

11. 

12. 

18. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 
21. 
22. 
28. 

24. 

25. 

26. 


27. 

28. 

29. 

80. 

31. 

.82. 

88. 


Hecsch,  S.  Ind.  Eng.  Clicm.,  44,  1677  (1952). 

Beesch,  S.  C.,  and  D.  A.  Lcgg,  U.  S.  Patent  2,420,998  (1947). 
liergey’s  Manual  of  Determinative  Bacteriology,  6th  ed.,  Haiti 
more,  Whlliains  and  Wilkins,  1948. 

Carnarins,  E.  H.,  IJ.  S.  Patent  2,198,104  (1940). 

(iarnarius,  E.  H.,  V.  S.  Patent  2,428,  580  (1947). 

Ciarnarius,  E.  H.,  and  \\^  N.  McCintchan,  U.  .S.  Patent  2,189,111 
(1938). 

Christensen,  L.  i\E,  IE  S.  Patent  2,182,550  (1939). 

Christensen,  L.  M.,  and  E.  I.  Fnlmer,  Ind.  Eng.  Clieni.,  Anal 
Ed.,  7,  180  (1985). 

Cohen,  G.  N.,  and  G.  (iohcn-Hazire,  Ann.  inst.  Pasteur,  77 
729  (1949). 

Cohen,  G.  N.,  and  G.  (a)hen-Bazire,  Ann.  inst.  Pasteur,  78,  64^ 
(1950). 

Cohen-Bazire,  CE,  aiul  G.  N.  Ciohen,  Ann.  inst.  Pasteur,  77 
718  (1949). 

Davies,  R.,  Biochem.  ].,  36,  582  (1942). 

Davies,  R.,  and  M.  Stephenson,  Biochem.  ].,  35,  1820  (1941) 
Frey,  A.,  H.  Ciliick  and  H.  Oehme,  U.  S.  Patent  2,166,04' 
(1989). 

Gabriel,  C.  L.,  Ind.  Eng.  Chem.,  20,  1068  (1928). 

Gabriel,  C.  1..,  and  F.  M.  Crawlord,  Ind.  Eng.  Chem.,  22,  1 16! 


(1930). 

Gavronsky,  [.  ().,  British  Patent  571,680  (1945). 

(;oodwin,  L.  F.,  /.  Am.  Chem.  Soc.,  42,  89  (1920). 

Hall,  H.  E.,  U.  S.  Patent  2,147,487  (1989). 

Hildebrandt,  F.  M.,  and  N.  M.  Erb,  U.  S.  Patent  2,169,24i 


(19.89). 

Jean,  j.  W.,  U.  S.  Patent  2,182,989  (1989). 

Johnson,  M.  J.,  Did.  Eng.  Chem.,  Anal.  Ed.,  4,  20  (19.82). 
Kawano,  Y.,  Hakko  Kogahu  Zasshi  (J.  Eermentation  Technol._ 


25,  157  (1947). 

Kelly,  F.  C.,  One  Thing  Eeads  to  Another,  Boston  and  iMev 
York,  Houghton  Milllin,  19.86. 

Koepsell,  H.  J.,  and  M.  j.  Johnson,  ,/.  Biol.  Chem.,  145,  8/ 
(1942). 

Lainpen,  j.  ().,  and  W.  H.  Peterson,  Arch.  Biochem.,  2,  44 

Lani%.  A.,  aiul  j.  A.  Zciglci-, lUol.  Chem..  J-W 

Ixe.  L  B.,  huL  F.„g.  Chem..4-\,  IWi8  42.  l(./2  (1!I5() 

Letiu  I).  A.,  U.  S.  Patent  1,668,81  1  (1928). 

Legg!  D.  A.,  V.  S.  Patent  2,22.8,788  (1940). 


The  Butanol-Acetone  Ternientations 


M. 

35. 

36. 

37. 

3^. 

3‘). 

10. 

11. 

12. 

■13. 

■11. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 
61. 
62. 
63. 


Legg,  I).  A.,  and  H.  R.  Stiles,  U.  S.  Patent  2,122,881  (1938). 
Legg,  I).  A.,  and  N.  R.  Tarvin,  U.  S.  Patent  2,107,261  (1938). 
Legg,  I).  A.,  and  N.  R.  Tarvin,  U.  S.  Patent  2,107,262  (1938). 
Legg,  I).  A.,  and  M.  T.  Walton,  V.  S.  Patent  2,132,358  (1938). 
Leonard,  R.  H.,  W.  H.  Peterson,  and  G.  j.  Ritter,  Ind.  Eng. 
Cheni.,  4-9,  1443  (1947). 

Loughlin,  j.  F.,  U.  S.  Patent  2,219,42(i  (1940). 

McCoy,  E.  F.,  l^.  S.  Patent  2,110,109  (1938). 

McCoy,  E.  E.,  U.  S.  Patent  2,398,837  (1946). 

McCioy,  E.,  E.  I>.  Fred,  W.  H.  Peterson,  and  E.  C.  Hastings, 
/.  Injections  Diseases,  39,  457  (1926). 

McCutchan,  \\^  N.,  Unpublished  observations. 

MacDonald,  j.  A.,  U.  S.  Patent  2,233,021  (1941). 

Marvel,  C.  S.,  and  A.  E.  Broderick,  /.  A)n.  Cheni.  Soc.,  47, 
3045  (1925). 


Mickelson,  M.  N.,  A.  Cregor,  and  I).  Rogers,  Papers  Mich. 
/Icrtd.  .SW.,  34,  19  (1948). 

Miner,  C:.  S.,  U.  S.  Patent  2,202,161  (1940). 

Muller,  ].,  LI.  S.  Patent  2,123,078  (1938). 

^^uller,  |.,  IJ.  S.  Patent  2,132,039  (1938). 

Muller,  j.,  LI.  S.  Patent  2,195,629  (1940). 

Nakahama,  T.,  and  Y.  Haroda,  /.  Agr.  Cheni.  Soc.  japan,  23, 
176  (1949). 

Neernian,  J.,  Private  connnunication,  1951. 

Owen,  W.  L.,  H.  S.  Patent  2,164,255  (1939). 

Owen,  W.  L.,  Blackstrap  Molasses  as  Rate  Material  for 
Biochemical  Industries,  New  York,  Russell  Palmer,  1939. 

Oxford,  A.  E.,  ].  O.  Lamj^en,  and  W.  H.  Peterson,  Biochem 
/.,  34,  1588  (1940). 

Peterson,  \V.  H.,  and  E.  B.  Fred,  Ind.  Eng.  Chem.,  24,  237 


Porter,  J.  R.,  Bacterial  Chemistry  and  Physiology,  New  York 
lohn  Wiley,  1946.  '  '  .SV,  ev  lork, 

Piestott,  S.  (,.,  and  C.  C.  Dunn,  Industrial  Microbiology  ‘>nd 
ed..  New  York,  McCraw-Hill,  1949. 

K'orlu;,,..  4, 

RosenleUI,  li.,  and  L.  che,n.,  186.  395  (1950). 

iy)senlckl,  li..  ami  t.  Simon.  /.  jUol.  Chen:.,  186.  405  (|95oi 
Rub  io,  S.  I,  ami  M.  r.iMe.s,ne.  A'n,,,,..’ 146,  838  loiO ' 
R  ,1,0.  S.  I)  .M.  5  axwell.  R.  Fai, bridge,  and  J.  M 
C.illesine,  A„slral,a,i  J.  F.xp.  ^ 


388 


Ind  u stria  I  Fennen  ta  t ions 


64. 

65. 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

75. 

76. 

77. 


78. 

79. 

80. 
81. 
82. 

83. 

84. 

85. 


Secretary  ol  Interior,  Report  tor  1949,  Section  on  Liquid  Fuels 
from  Farm  W^aste  Residues. 

Simon,  E.,  Nature,  152,  626  (1943). 

Sjolander,  N.  ().,  A.  F.  Langlykke,  and  \\^  H.  Peterson,  Ind. 
Eng.  Cheni.,  30,  1251  (1938V 

Smyth,  H.  F.,  and  \Vh  L.  Obold,  Industrial  Microbiology,  Balti¬ 
more,  Whlliams  and  Wilkens,  1930. 

Stark,  \y.  H.,  and  \V.  ].  McCihee,  Al)st.  of  Papers,  22A,  1 18th 
Meeting  of  Am.  Chem.  Soc.,  1950. 

Stiles,  H.  R.,  U.  S.  Patent  2,098,199  (1937). 

Stiles,  H.  R.,  U.  S.  Patent  2,098,200  (mi). 

Stiles,  H.  R.,  and  L.  M.  Prness,  U.  S.  Patent  2,202,785  (1940). 
Tarvin,  N.  R.,  U.  S.  Patent  2,260,126  (1941). 

Thaysen,  A.  Ck,  f.  Inst.  Brezvmg,  30,  .349  (1924). 

^  snchiya,  H.  M.,  J.  .M.  V^an  Lancn,  and  A.  F.  Langlykke,  U.  S. 
Patent  2,481,263  (1949). 

Underkoller,  L.  A.,  L.  M.  Christensen,  and  E.  1.  Fnlmer,  Ind. 
Eng.  Chem.,  28,  350  (1936). 

Underkoller,  L.  A.,  E.  1.  Fnlmer,  and  M.  M.  Rayman,  Ind. 
Eng.  Chem.,  29,  1290  (1937). 

Unger,  E.  I).,  The  Development  and  Design  of  a  Continuous 
Cooker  and  Mashing  System  for  Cereal  Grains,  Thesis,  Case 
School  of  Apj)lied  Science,  1941. 

United  States  Tariff  Clommission  Reports,  1945-1950. 
Weizmann,  C.,  U.  S.  Patent  1,315,585  (1919). 

Weizmann,  C.,  U.  S.  Patent  2,377,197  (1945). 

^Veiznlann,  C.,  and  P>.  Rosen feld,  liiochem.  /.,  31,  619  (19.37). 
\Vheeler,  M.  Ck,  and  C.  1).  Goodale,  U.  S.  Patent  1,875,536 


(19.32). 


Wilev  \  T  M-  I-  Johnson,  E.  F.  McC^oy,  and  W.  H.  Peteison, 
Ind.  Eng.  ChemUs,Cm  (1941). 

^Villiams,  A.  E.,  Chem.  Products,  12,  441  (194  )). 

R.  \V.  Brown,  and  C,.  H.  Werkman,  Aich. 


Wood,  H.  G., 


Biochem.,  6,  24.3  (1915). 

4Voodrnff,  J.  C.,  H.  R.  Stiles,  and  1) 

2,089,522  (1937). 


A.  Legg, 


U.  S.  Patent 


86. 


Part  IV.  THE  FERMENTATIVE  PRODUCTION  OF 

ORGANIC  ACIDS 


t 

* 


'rt' 


r 


M  ‘  t  M  ,<  ,  I 

'  MJ  ^  '  « 


CHAPTER  12 


LACTIC  ACID 

H.  H.  Schopmeyer 


Lactic  acid  derives  its  name  from  its  j^resence  in  sour  milk 
where  it  was  first  discovered  in  1790  by  Scheele/®  who  allowed  milk 
to  ferment  for  3  weeks,  separated  the  protein,  and  added  calcium 
hydroxide  to  precijiitate  the  phosphate.  I'he  calcium  lactate  re¬ 
mained  dissolved  and  was  decomposed  with  oxalic  acid.  The  filtrate 
was  concentrated  and  taken  ujj  in  alcohol.  After  concentrating  the 
alcohol,  the  acid  lactate  was  obtained  as  a  thick  sirup  w'hich  coidd 
not  be  distilled  or  crystallized.  From  this  hist  w'ork,  as  well  as 
subsequent  work,  Scheele  concluded  that  the  acid  was  free  from 
acetate  and  that  a  new'  acitl  had  lieen  obtainetl.  Pasteur,  77  years 
later  in  18(i7,  discovered  that  the  souring  of  milk  was  caused  by  an 
oiganized  lennent  and  described  the  organism  which  was  responsible 
for  the  fermentation  of  sterilized  milk.  Lister,^*'  in  1878,  showed 
that  the  lactic  fermentation  is  similar  to  the  so-called  alcoholic 
fermentation  and  is  produced  by  microorganisms  which  he  isolated 
from  sour  milk  by  dilution. 

Lactic  acid,  or  o: -hydroxy  propionic  acid,  is  widely  occurring  in 
tiature,  lienig  present  in  many  fermented  substance-s,  such  as  sour 
imlk,  sauerkraut,  fermented  mash  or  beer,  in  distilleries  and 
breweries,  m  many  food  products,  such  as  bread,  in  muscle  tissue 
and  is  one  of  the  principal  organic  acids  in  the  soil. 

Lactic  acid  is  a  colorless  to  slightly  yellowish  sirupy  liquid 
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with  a  sjK'cific  gravity  oi  1.291  at  25''C^.  It  is  completely  miscible 
with  water,  alcoltol,  and  ether,  but  is  insoluble  in  chloroform.  It 
is  somewliat  hygroscopic  in  solutions  of  high  concentration.  It  may 
be  prejjared  by  steam  distillation  under  high  vacuum.  With  ferric 
chloride,  it  gives  the  characteristic  yellow-green  color  tyjiical  of 
oc -hydroxy  acids.  It  yields  iodoform  on  warming  with  iodine-potas 
sium  iodide  solution  and  atjueous  potassium  hydroxide. 

Lactic  acid  contains  an  asymmetric  carbon  atom  and  exists  in 
the  d-  and  /-active,  and  c/Z-inac  tive  forms.  I  he  two  optical  isomers 
Itave  been  sejjarated  by  fractional  crystallization  ol  jiure  lactic  acid 
from  mixed  ethyl  ether  and  isoj)ropyl  ether  solution.''  Much  con¬ 
fusion  exists  regarding  the  nomenclature  of  the  optical  isomers, 
d  hat  which  shows  dextro  rotation  (commonly  called  d-lactic  acid 
or  sarcolactic  acid)  is  proj:)erly  designated  by  modern  nomenclature 
as  L-  (-h)-lactic  acid;  when  pure,  it  has  a  melting  point  of  52.8'C 
d  his  form  of  lactic  acid  is  metabolized  completely  by  the  human 
hotly. Salts  of  the  dextrorotatory  acid  are  levorotatory. 

ddie  levorotatory  lactic  acid,  properly  designated  as  d-  (— )-lactic 
acid  also  has  a  melting  point  of  52.8“C.  It  is  not  metabolized  by 
the  animal  body  and  is  largely  excreted  as  such.  Its  salts  are  dex 
trorotatory.  Vigorous  heating  of  the  optically  active  lactic  acids 
converts  each  into  the  corresponding  ojitically  inactive  racemic  form 
containing  ecjual  proportions  of  the  dextro  and  levo  modifications. 

In  commercial  production,  ordinarily  only  the  inactive 
racemic  form  is  recovered  even  though  an  active  form  is  pioduced 
as  a  result  of  the  fermentation.  Traces  of  impurities  generally 
present  will  racemize  the  active  form.'^'  When  lactic  acid  in 
water  solution  is  concentrated,  it  dehydrates  to  lorm  the  anhydride, 
CH,'CH()H’C0*0*C0*CH()H’CH3,  a  viscous  sirupy  litjuid  which 
will'  readily  hydrolyze  to  the  free  acid  on  boiling  the  dilute  solution 
with  acid  or  alkali.  Further  concentration  to  a  temperature  ol  l.^U 
to  HO°C  results  in  the  production  ol  lactyl  lactic  acid, 

H 

I 

ch3-c;_c=o 

I  I 

HO  O  () 

I  II 

(;H^_(;_C_0H 

I 

H 

Lactyl  lactic  acid 
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which  is  an  amorphous  viscous  mass,  almost  completely  insoluble 
in  water,  but  soluble  in  alcohol  and  ether.  Prolonged  heating  ol 
lactic  acid  at  11()‘’C  and  10  mm  pressure  converts  it  to  the  lactide," 

H 

1 

/  \ 

o  () 

\  / 

O^C-C-C.H, 

1 

H 

I.actide 

which  can  be  recovered  by  distillation.  I  he  lactide  lorms  white 
needlelike  crystals  with  a  melting  point  ol  128°(^  and  a  boiling  point 
ol  255°C.  It  is  very  difficultly  solid)lc  in  water  or  alcohol  and  easily 
soluble  in  acetone,  llie  lactide  is  slowly  hydrolyzed  to  lactic  acid  by 
prolonged  boiling  with  water  or  raj^idly  by  boiling  with  alkali. 

Lactic  acid  has  been  produced  commercially  in  the  United 
States  lor  many  years,  first  by  Charles  E.  Avery,  at  Littleton,  Mas¬ 
sachusetts,  in  I88U'‘  in  an  attempt  to  make  calcium  lactate  which 
was  to  be  used  as  a  substitute  for  cream  ol  tartar  in  baking  powder. 
I'his  first  venture  Avas  unsuccessful  and  the  development  ol  in¬ 
dustrial  ajjj)lications  in  leather,  textiles,  food,  and  solvents  did  not 
start  until  later.  Lactic  acid  production  was  likewise  tleveloped  in 
Europe  and,  lor  many  years,  much  ol  the  highest  grade  acid  used 
in  the  United  States  was  imported  from  Germany.  Imj^roved 
piocesses  in  j)uiilying  crude  acid  in  the  LTnited  States,  however, 
had  effectively  stopped  this  importation  ol  German  acid  well  before 
World  ^Var  11. 

RAW  MA  I  ERIALS  FOR  l.AG  EIC  ACID  PR()l)UC:  i  ION 

industiial  lactic  acid  is  prepared  by  the  lermentation  ol  a 
number  of  sugars,  including  dextrose,  maltose,  lactose,  and  sucrose. 
A  wide  variety  of  raw  materials  could  be  used  for  lactic  acid  produc¬ 
tion,  but  the  difficulties  encountered  in  inocessing  the  lerniented 
lic|uor  restrict  somewhat  the  materials  actuallv  used.  It  has  been 
generally  conceded  that  it  is  more  advantageous  to  start  with  a 
considerably  refined  substance  than  to  attempt  much  purification 
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oi  lennciUor  licjuor  or  triulc  acid,  d  herd  ore,  dextrose  has  prol)ahly 
l)een  more  widely  used  than  any  other  sul)stance  lor  lactic  acid 
production.  report"""  has  recently  been  jjnhlished  which  reviews 
in  considerable  detail  all  phases  ol  the  production  ol  lactic  acid 
Iroin  dextrose,  donsiderahle  acid  is  made  Irom  molasses  and  whey 
and  some  Irom  hydrol. 


In  the  lermentation  ol  dextrose  to  lactic  acid,  nutrients  must 
he  added  to  supply  nitrogen  lor  the  lermentation.  The  amount  ol 
these  added  nutrients  is  kejn  at  a  minimum  so  that  the  lermentation 
is  not  unduly  contaminated  with  substances  which  are  difficult  to 
remove  in  the  later  purification.  A  lyjhcal  example  is  described  in 
the  patent  ol  Whdsh  and  Needle,'*’  in  which  starch-conversion  licpior, 
containing  a  sidistantial  amount  ol  dextrose,  is  lermented  with 
Ijictobacillus  delbruckii ,  using  nondenatured  milk  as  an  added 
nutrient.  A  similar  patent""  involves  the  use  ol  grain-protein 
derived  Irom  distillers’  grains,  etc.,  as  nutrient  lor  lactic  acid  ler¬ 
mentation.  Idle  inclusion  ol  small  (piantities  ol  unheated  malt 
sprouts  greatly  accelerates  the  lermentation.  The  malt  sprouts 
contain  a  heat-labile  growth  lactor  lor  L.  delbruckn.*^  I  his  lactor 
appears  to  be  stable  to  heating  lor  10  minutes  at  t)5°C:,  but  exposure 
lor  longer  jK'iiods  at  higher  temperatures  is  destructive  to  it.  It 
has  been  well  established  that  lactic  acid  bacteiia  iec|uiie  ceitain 
supplementary  lactors  lor  gre^wth."'*' *'  The  piecise  i ec|uii ements 
vary  with  the  organisms,  but  lor  the  most  part  include  the  vitamins 
essential  to  animals.'*"  It  is  thus  ajjparent  that  carbohydrate  media 
lor  lermentations,  containing  sugar  and  inorganic  salts,  must  be 
supplemented  by  nitrogenous  sid)stances  irom  a  natural  source 
which  will  contain  these  growth-promoting  supplements. 

Whey  is  considered  a  jjotentially  important  raw  material  lor 
lactic  acid  lermentation,  and  it  was  estimated^’  that,  based  on  an 
annual  milk  production  ol  100  billion  lb,  about  2.7  billion  lb  ol 
lactose  could  be  made  available  lor  lermentation.  Lactic  acid  has 
been  produced  by  one  company"  in  limited  (piantities  Irom  whey 
lor  a  number  ol  years.  Api)arently,  (ost  ol  collecting  the  whey 
and  general  processing  problems  have  prevented  tins  source  Irom 
assuming  greater  importance. 

Xylose  and  arabinose  have  been  studied  as  possible  raw 
materials  in  lactic  acid  production,  using  a  jientose  lermenting 
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organism,  Lactobacillus  pentoaceticusr^  As  starting  materials,  corn¬ 
cobs,  corn  stalks,  cottonseed  hulls,  straw  and  similar  mateiials 
could  be  used.  Based  on  laboratory  data,  corncobs,  when  hydrolyzed 
and  lermented  by  L.  pentoaceticus,  j^roduced  .300  lb  ol  acetic  acid 
\and  .320  lb  ol  lactic  acid  per  ton  ol  cobs."" 


Fries"’^  obtained  a  patent  on  the  utilization  ol  sidhte  waste 
liquor  lor  the  lactic  acid  lermentation.  Fhe  liquor  was  prejiared 
for  fermentation  by  jjretreatment  with  lime,  hltration,  and  adjust¬ 
ment  of  the  ]jH  at  6.3  to  6.7.  The  temperature  was  adjusted  to  30° 
to  40°C:,  nutrients,  such  as  malt  sprouts  or  corn  steej)  liquor,  were 
added,  and  the  liquor  was  fermented  with  various  lactol)acilli,  a 
strain  of  L.  pentosus  giving  best  residts.  In  a  more  recent  j^atent  of 
Ekelund,*®  the  carbohydrate  was  extracted  from  sulfite  waste  liquor 
by  “sorj^ing”  on  lactic  acid  bacteria  prior  to  lactic  fermentation  by 
them. 


The  j)ossible  use  of  cull  fruit  was  suggested  by  Nolte  and  Van 
Loescke®'^  in  describing  a  fermentation  which  they  carried  out  at 
50°C  for  6  to  8  days,  with  the  lactic  acid  bacilli  normally  jiiesent  in 
grapefruit.  They  obtained  a  recovery  of  6%  calcium  lactate  and 
7.1%  of  50%  lactic  acid,  based  on  the  weight  of  the  juice  used.  On 
this  basis,  a  ton  of  grapefruit  is  equivalent  to  about  40  lb  of  dex¬ 
trose  as  a  raw  material  for  the  production  of  lactic  acid. 

Direct  lermentation  ol  starch  or  starchy  sidistances  for  jjroduc- 
tion  ol  lactic  acid  has  received  some  attention.  For  example, 
Kitahara  and  Ishida"*^"  studied  simple  fermentaticjn  of  starch  to 
lactic  acid  with  Lactobacillus  t hcvuioplii lus.  The  organism  was 
cultuied  at  50°C.  loi'  5  to  10  clays  on  pastes  of  cereal  and  tuber 
materials.  Fhe  starch  was  liquefied  within  1  clay.  I'he  lactic  acid 
yields  were  over  80%,  except  from  corn  and  commercial  starch. 
I’hc  addition  of  sodium  chloride  to  the  cereal  paste  produced  better 
fermentation.  The  maximum  lactic  acid  yield  of  97%  was  obtained 

from  barley-bouillon  paste,  containing  1%  sodium  chloride  and 
cultured  5  clays. 

Othei  raw  materials  lor  lactic  acid  fermentation  mentioned 
from  time  to  time  include  Jerusalem  artichokes,"  potatoes,*^"-* 
molasses,’’"  and  beet  juice.® 

noth  the  spoilt  beer  stillage  lioni  alroholic  lennctitatioii  ol 
gnttn  a.Kl  the  steep  water  in  the  eon,  wet-tnilling  protess  contait, 
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considerable  cjuaiuilies  ol  lactic  acid.  I'he  stillage  contains  ()  to  8% 
ol  lactic  acid  on  a  dry-sid)stance  basis  and  the  ctjrn  steej)  water  as 
high  as  20%  on  a  dry-sid)stance  basis.  I'his  lactic  acid  might  be 
recovered  il  a  suitable  extraction  technicjue  coidd  be  develojx'd. 
rids  has  been  attemjited  in  investigations  by  Las/lofly^'*  in  which 
distillery  slops  were  acidified,  evaporated  in  vaemnn,  and  treated 
with  ether  to  remove  the  fats  and  organic  acids.  (a)rn  steep  water 
might  be  purified  by  some  sindlar  process  or  by  crystallizing  mag¬ 
nesium  lactate  from  the  steeji  water  solution  on  concentrating  and 
allowing  to  stand.  T  he  magnesium  is  ajiparently  derived  from  the 
corn  during  the  steeping  jjrocess. 

Nfention  should  be  made  of  other  possible  methods  for  the 
manufacture  of  lactic  acid,  notably,  degradation  of  carbohydrates  as 
ilescribed  by  Hraun,“  in  which  a  suitable  carbohydrate,  such  as 
sucrose,  is  heated  with  a  strong  alkali,  such  as  calcium  hydroxide,  at 
a  high  temperature  and  jnessure  to  produce  lactic  acid.  Another 
interesting  method  for  the  synthesis  of  lactic  acid  is  the  heating  of 
carbon  monoxide  and  acetaldehyde  in  the  jnesence  of  sulfuric  acid 
at  130°  to  200°C  under  900  atm  pressure.®"  In  addition  to  these  novel 
methotls  for  pre]xiring  lactic  acid,  there  are  several  classical  methods 
such  as:  (1)  from  acetaldehyde  and  hydrocyanic  acid;  (2)  by  action 
of  nitrous  acid  on  alanine:  (3)  by  oxidation  of  propylene  glycol, 
and  others. 


LACn  IC  ACID  PRODUCING  ()R(;ANISMS  AND  THE 
MECHANISM  OE  I  HEIR  REACTIONS 

Many  bacteria  are  cajKible  of  jn'oducing  lactic  acid,  but 
Ireciuently  other  products,  notably  acetic  acid,  are  also  produced  m 
considerable  amounts.  'Ehrough  the  work  ol  Kayser,"®  it  has  become 
customary  to  subdivide  the  lactic  acid  bacteria  into  two  main 
groups;  (1)  those  organisms,  described  as  the  true  lactic  acid 
bacteria,  which  produce  substantially  only  lactic  acid,  and  (2)  those 
bacteria  which,  in  addition  to  lactic  acid,  produce  volatile  acids  in 
considerable  amounts.  Ehese  two  groups  are  also  referred  to  as 
homofermentative  and  heterofermentative. 

The  homofermentative  or  true  lactic  acid  batteiia  j)iodute 
lactic  acid  aitttosi  cxcit.sivciy.  'Ihetelt.re,  the  ovecall  chent.cal 
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equation  lor  the  ])roduction  ol  lactic  acid  by  these  organisms  may 
l)e  very  simply  given  as: 

C  H  C) - — >  2  ('.H  *(:H()H»(X)()H 

8  u:  6  3 

or  in  the  case  ol  a  disaccharide: 

^  4(;h3'C:h()H'c;ck)h 

The  initial  stages  ol  homolernientative  lactic  acid  lermentation 
are  considered  to  be  similar  to  those  ol  the  ethanol  lermentation 
(see  Figure  1,  Cduipter  2)  down  to  the  glyceraldehyde  phosphate 
stage.  The  reactions  which  occur  between  the  triose  and  lactic  acid 
have  not  been  iidly  proved  and  two  possible  mechanisms  have  been 
suggested.  According  to  Neuberg  and  Gore,^''  the  final  intermediate 
is  methylglyoxal,  which,  in  turn,  is  converted  to  lactic  acid  by 
glyoxalase  and  its  coenzyme,  glutathione.  According  to  this  scheme 
the  reaction  might  be: 

Dex  t  rose  ( '•  1  veer  a  I  deli  yde 

glyoxalase 

CH3C()*CH()— - >  C,H3*CH()H*t:()()H 

Methylglyoxal  Lactic  acid 

The  second  proposed  mechanism  involves  the  dissimilation  ol 
dextrose  to  pyruvic  acid  in  the  same  manner  as  in  the  alcoholic 
lermentation.  The  pyruvic  acid  is  then  reduced  to  lactic  acid: 

(.H3»C;()‘C00H  +2  H - »  C.H3»CH0H*C()()H 

I’yriivic  acid  Lactic  acid 

Hernhauer'*  cites  experimental  evidence  which  suggests  that 
cithet  Ol  botli  ol  these  mechanisms  may  be  operative  during  the 
homolernientative  lactic  acid  lermentation. 

The  mechanism  lor  the  lermentation  ol  dextrose  by  the  hetero- 
lennentative  lactic  acid  producing  bacteria  is  much  more  com¬ 
plicated.  Nelson  and  Werkman^'"  studied  the  lermentation  ol 
dextrose  with  several  heterolermentative  lactic  acid  bacteria,  includ¬ 
ing  L.  acidopinl-aerogenes  and  L.  lycopersici  and,  irorn  experimental 
data  obtained,  proposed  a  tentative  scheme  lor  the  dissimilation  ol 
dextrose  by  heterolermentative  bacteria.  Their  scheme  is  as 
lollows: 
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Dextrose 

i 

Hexose  j)lK)S|)h;ile 

i 

(HO 

I 

CHOU 

CH/)H 
glvceralclelivdc 

i 

Hypothetical  tliiee-carl)()ii  coni])Outul 


CH.OM 


+  2H - >  CHOH 


CH/)H 

Glycerol 


i 

Acetaldehyde  -f  +  H., 

I 

1  +  -'H 

i 

htlnl  alcohol 


Lactic  acid 

i 

Pyruvic  acid  2H 


I  H,0 


i 

Acetic  acid  -f  (.0„  + 


I'he  true  lactic  acid  bacteria  are  most  commonly  used  in  in¬ 
dustrial  fermentations  and  are  generally  long,  slender,  Gram-positive 
rods,  nonmotile,  nonsiJorulating,  and  inoduce  very  little  gas  which 
is  chiefly  carbon  dioxide.  They  are,  lor  the  most  jjart,  somewhat 
microaerophilic.  Of  the  organisms  of  this  classification  Lnctobacillus 
delbruckii  is  probably  the  most  widely  used.  When  Ireshly  isolated, 
this  organism  usually  ferments  maltose  well  but  not  dextrose.  It 
ferments  dextrose  vigorously  when  properly  acclimati/ed,  the  speed 
of  fermentation  being  largely  determined  by  the  type  and  c]uahty 
of  the  nutrients  added.  The  acclimati/.ation  is  sometimes  not  so 
easy  as  one  might  expect  from  reading  the  scientific  literature.  It 
has  been  claimed  that  an  active  dextrose-fermenting  culture  is 
obtained  by  the  following  inocedure.  L.  delbruckii  is  brought  to 
vigorous  growth  in  maltose  solution,  then  the  organism  is  gradually 
ac'custonied  to  dextrose  by  daily  additions  of  portions  of  dextrose 
solution.--^  Some  strains  of  L.  delbruckii  respond  to  such  treatmen 
while  others  do  not.  It  was  found  that  some  organisms  that  had 
been  isolated  for  several  years  could  not  be  developed  to  ferment 

,,se.l!  si,r  it  is  lenncncing  iacese  while  C.  ,iel„ruc„.,  .s 
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nol.  As  already  mentioned,  the  lei  mentation  ol  wood  stigai  has 
been  carried  out  experimentally  by  several  investigators, using 
L.  peyitoaceticiis.  T  his  organism  exists  as  short,  blunt  lods,  it  is 
gram-positive  and  microaeroj)hilic.  It  jjroduces  lactic  acid,  ethyl 
akohol,  carbon  dioxide,  and  small  cpiantities  ol  acetic  acid  Irom 
alclohexoses,  while  Irom  xylose,  much  more  acetic  acid  is  jiroclucecl. 
T  he  lactic  acid  produced  by  this  organism  is  not  optically  active. 

Anc^ther  organism  was  rejKirted  by  Werkman  and  Anderson^’" 
to  be  capable  ol  producing  dextro-lac tic  acid.  T  his  was  described 
as  an  aerobic,  sporulating,  gram-positive,  motile,  catalase-positive, 
nitrate-reducing  bacillus  with  an  optimum  temj^erature  ol  46°  to 
5()°C.  Yields  ol  more  than  95%  dextro-lactic  acid  were  rejjorted  in 
5  days’  lermeiitation  ol  15%  dextrose  solution.  Acetylmethylcarbinol 
and  2,8-butylene  glycol  were  lormecl  in  small  amounts.  colorless 
acid  was  prepared  directly  Irom  this  medium. 

The  writer  has  isolated  a  similar  cjrganism  several  times  Irom 
malt  sjjrouts  by  natural  selection.  It  was  generally  louncl  as  a 
granular,  gram-positive,  spcjre-lorming  rod.  It  lermented  dextrose 
very  vigorously  with  good  yields. 

The  production  ol  lactic  acid  by  inold  lermentatjon  has  been 
investigated  at  length  by  several  workers.  Ward,  Lockwood, 
Tabenkin,  and  Wells^®  rejic^rted  a  rapid  lermeiitation  jirocess  lor 
dextro-lactic  acid  using  RJnzopus  oryzae  in  submerged  culture. 
They  were  able  to  lerment  18%  dextrose  solution  in  a  rotary 
aluminum  lermentor  under  5  psi  pressure  with  circulating  air  in  80 
to  85  houis,  with  a  /()  to  75%  yield  ol  dextro-lactic  acid.  A  carbon 
balance  showed  that  a  yield  ol  70  to  75%  lactic  acid  was  produced 
with  a  small  amount  ol  ethanol  and  an  unidentified  substance 
ecpuvalent  to  7.4%  ol  the  sugar  consumed.  The  medium  contained 


dextrose,  magnesium  sullate,  iiotassium  dihyclrogen  phosphate,  cal¬ 
cium  carbonate,  and  urea.  It  was  louncl  that  using  urea  as  a  source 
ol  nitrogen,  rather  than  cruder  nitrogenous  substances,  such  as 
giain  lesidue  used  in  bacterial  lermentations  jiroducing  lactic  acid 

resulted  in  a  finished  product  which  was  readilv  purifikl  to  a  liidi’ 
grade  acid.  ' 

llemhauer,  R^iucli,  and  Miksdr'  iwemly  nnulc  an  extensive 
ntyesttgattnn  ol  the  pinthtction  ol  lattie  ttdtl  hy  Rhhopus  species  in 
sulmterged  aerated  cnlttnes.  Rest  tesnlts  were  ol.tttinetl  with  a  strain 
O  orycte.  ^  tehls  ol  7(1  to  8(1%  ol  la,  tie  aci.l  we.e  attaittetl  in 
.(hottt  ,  days  Iron,  .lextrose  in  the  presence  of  ,alcin,n  carhonate 
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l)ut  tioin  starch,  the  yields  were  only  45  to  48%.  A  preliniinar' 
investigation  ol  the  ellect  ol  trace  elements  was  made,  d  he  bes. 
nitrogen  sources  were  urea  and  ammonium  sullate.  I'he  use  of  suh 
merged  mycelium  or  partially  germinated  sjjores,  instead  of  a  spor. 
susj)ension,  markedly  accelerated  the  fermentation. 


MAIN  I  KNANCE  OF  CUE  HIRES 

(Adtures  of  lactic  acid  bacteria  can  be  maintained  on  dextros 
nutrient  agar  or  dextrose-})ejJtone  media  containing  an  excess  o 
calcium  carbonate.  Frecpient  transfers  are  necessary  to  maintaii 
viability.  In  investigating  other  methods  of  storage,  it  was  foum 
that  the  organisms  had  a  considerably  longer  life  when  transferre* 
into  sterile  5%  cc^rn  mash  containing  an  excess  of  calcium  carbonate 
Linder  these  conditions,  when  cultures  were  stored  in  a  refrigeratoi 
the  organisms  remained  viable  lor  several  months.  Attemj)ts  t 
prej)are  dry  cidtures  on  soil  were  entirely  unsuccessful. 

PLAN!  FERMEN  EA TION 


In  develojiing  the  culture  to  plant  stage,  it  is  customary  t 
transfer  from  test  tubes  to  l,()()0-nd  llasks  and  then  to  5-gal  bottle: 
d'hroughout  these  development  stages,  the  cultures  are  not  agitatet 
but  a  large  excess  ol  calcium  carbonate  is  maintained  to  neutiali/' 
the  acid  formed.  Cultures  in  the  plant  are  propagated  throng 
small  culture  tanks  to  larger  tanks  and  to  fermentors,  maintainin 
an  inoculation  ratio  of  about  5%.  An  incubation  period  ot  16  t 
18  hours  is  ordinarily  sufficient  to  obtain  a  vigorous  and  abundar 
develojmient  of  organisms.  I'he  optimum  temperature  lor  fe 
mentation  with  commercial  types  ol  lactic  acid  organisms  is  aboi 
45°(>  and  this  temperature  must  be  assiduously  maintained.  - 
temperature  this  high  is  outside  the  growth  range  for  most  con 
taminating  organisms,  so  that  contamination  is  generally  not  a  vei 
serious  problem.  However,  if  the  temperature  drops  somewha 
during  fermentation,  conditions  become  very  favorable  lor  tli 
butyric  acid  fermentation  and  butyric  organisms  may  develoj)  an. 
seriously  impair  the  (juality  of  the  finished  product. 

1  ikewise  butyric  acid  contamination  sometimes  becomes 
problem  when  (he  lactic  acid  fermentation  is  nearly  finished  an. 
the  activity  of  the  lactic  organisms  has  greatly  dnmnishtM.  -  I 
parently  the  butyric  acid  organisms  metaboh/e  the  lactate  ion  an 
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in  instances  ol  severe  butyric  acid  contamination,  the  increase  in 
bntyrate-ion  content  has  been  loniHl  to  be  accompanied  by  a 
decrease  in  lactic  ion. 

The  commercial  lermentation  is  oixlinarily  carried  out  in  about 
12%  (w/v)  sugar  solution.  A  sugar  concentration  much  higher  than 
this  will  result  in  calcium  lactate  crystalli/ing  in  the  later  stages  of 
the  fermentation.  I’he  medium  will  then  become  unduly  heavy 
and  difficult  to  handle  and  the  jnoper  completion  of  the  fermenta¬ 
tion  will  be  retarded. 


FERMENTATION  TIME,  DAYS 


fitniRE  ()1.  Change  of  Sugar  Concentration  during  Lactic  Acid 
Lermentation 


1  he  lermentation  progresses  rapidly  in  the  initial  stages,  with 

the  concentration  of  sugar  Iretjuently  dropping  as  much  as  to  4 

g  per  100  ml  in  24  hours,  as  shown  in  Figure  (51.  The  rate  of 

lei  mentation  decreases  as  it  nears  completion  and  when  most  of 

the  sugar  has  hecii  corisumeil,  the  icsitlual  sugar  may  (lisappear  as 

slowly  as  tl.  I  to  (l.u  g  Hill  ml  per  day.  The  lermeiitatiou  time  will 

'aiy  Irom  hatch  to  hatch  ami  will  range  Irom  ahotit  5  to  1(1  days. 

-\n  excess  of  calcium  carhonate  is  used  atui  the  lermetuing  lioiior 

ts  .agitated  vigorously  and  constantly  dtiring  the  lermetitation  in 

order  to  keep  the  neutraliriug  agent  in  sttspension  to  maintain  the 

pioper  pH.  .Most  ilcihrurkii  type  cultures  operate  best  iu  the  pH 

ntnge  ol  5.5  to  (i.5;  below  pH  5.5.  in  the  very  lean  medium  trsed  iu 

ta.mmercial  production,  the  lermetuatiot,  is  greativ  retartled. 

Howevei,  m  a  gram.mash  medium  ol  a  much  higher  protein  coti- 

tetunitiou,  the  organisms  are  capable  ol  lermenting  vigorotislv  at  a 
considerably  lower  pH.  ^  iM»<<msiy  at  a 
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ll  is  ol  cxtreine  inipoi  iaiice  lo  cany  tlic  Icrnieiiiation  to  as  near 
coinjrletion  as  possil)le,  since  residual  carljoliydrates  will  seriously 
interfere  with  the  later  processing  of  the  acid  li(|uor.  Residual 
carbohydrates  slundd  be  reduced  to  0.1%  or  less  as  determined  by 
copper-reducing  methods.  It  has  been  found  ])ossil)le  to  greatly 
accelerate  the  rate  of  fennentation  by  better  control  of  pH  by 
continuous  neutrali/ation  with  calcium  hydroxide,  controlling  the 
1)H  1  )etween  0.8  to  0.5  automatically.  Under  these  conditions,  12  to  > 
18%  sugar  solutions  were  fermented  in  72  hours  of  actual  ferment¬ 
ing  time.  Labcjratory  studies  on  lac  tic  fermentation  of  dextrose 
under  c  losely  contrcilled  conditions'^  showed  that  the  rate  ol  produc¬ 
tion  of  lactic  acid  was  greatest  at  pH  5.7.  I  his  rate  was  also  greatly 
increased  by  increasing  the  concentration  ol  accessory  growth; 
factors  in  the  medium. 

Fermentations  are  customarily  carried  out  batchwise  in  com-- 
mercial  operations,  but  Whittier  and  Rogers*'  developed  ai 
laboratory  method  for  continuous  fermentation  of  whey  which  was- 
later  adajrted  to  commercial  operation.  While  stich  a  method  i&' 
mechanically  workable,  it  is  c[uite  likely  that  difficidties  would  be 
encountered  in  its  steady  operation  because  ol  the  extremely  variable 
rate  of  fermentation  by  the  organisms  in  the  very  lean  medium  in 
which  they  are  grown.  Since  it  is  imj^ortant  to  remove  substantially^ 
all  the  sugar  prior  to  processing  the  fermented  licjuor,  it  is  doubtlul 
if  continuous  fermentation  will  have  wide  application,  kuither, 
the  savings  that  can  be  realized  from  continuous  fermentation  are* 
largely  from  economies  in  labor  and  comjjaratively  cheap  feimenting. 
cc|uii)ment  and  these  advantages  could  be  cpiickly  ollset  by  clit- 
liculties  encountered  in  processing  licpior  which  had  not  been 
projierly  fermented. 

After  completion  of  fermentation,  the  fermented  hcpior  i?- 
lieateil  witli  lime  ic  a  |'H  "I  1"  t”  ' 

Ihe  (irsanisnis  |,re,sc.u,  .oagulalc  llie  piotcinareons  niau-nal  ic 
allow  bcdei  liUcririfr  in  iciiiovins  ilie  excess  rakunii  carhoiiale  am- 
l.ioteii.aceoos  inaleiial.  an<l  to  hel|i  (lceoni|Hisc  atiy  reniaitiiiig  nv 
fermented  sugar. 


c;fnfral  fquipmfn  r 

Lactic:  acid  is  c|t,ite  coftosive  a„d,  except  i.t  the  le.tttetuatiot.' 
stage,  cotTOsicm-resista.tt  iiiaterial  tnost  he  ttsed.  Caiktoe  taitks  a  .■ 
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lerinentors  can  l)C  made  ol  wood  provided  they  aie  sidhciently 
heavy;  the  calcium  lactate  soaks  through  the  wood  very  badly,  opens 
the  ])ores  and  deteriorates  the  wood.  Ecjuipment  lor  handling  acid 
must  he  of  highly  resistant  material.  For  mechanical  filters,  dilute- 
a^id  tanks,  etc.,  rubber-clad  steel  is  satislactory  jn'ovided  the  tem¬ 
perature  is  not  too  high;  pumps,  pipe  lines,  and  evajKtrating 
ecjuipment  are  subject  to  extreme  corrosion  and  difficulties  have 
been  encountered  with  all  corrosion-resistant  materials.  Nickel  and 
monel,  copper,  bron/e,  etc.,  are  not  considered  sufficiently  resistant. 
Silver  and  tantalum  are  resistant  but  too  costly.  High-molybdate 
stainless  steel,  such  as  SlfiSS  has  good  corrosion  resistance,  but 
much  difficidty  has  been  encountered  in  welds  not  j>roj)erly  an¬ 
nealed. 

Many  of  the  resinous  materials  which  normally  have  high  acid 
resistance  are  solubilized  or  scjftenecl  by  lactic  acid,  partictdarly 
when  it  is  warm  and  concentrated.  The  ceramic  materials,  porcelain, 
glass  piping,  glass  or  enamel-clad  materials  have  only  limitetl  aj> 
jdication  because  of  brittleness,  difficulty  of  fabrication,  and  j)oor 
heat  transfer.  In  the  case  of  enamel-clad  materials,  the  shock  of 
sharp  temperature  changes  soon  deteriorates  the  coating. 


GR.KDFS  OF  LACTIC  ACID:  FLOWCH.ARTS  AND 

SPFC1F1C:A  LIONS 

Lactic  acid  is  sold  in  lour  grades  and  several  concentrations  in 
each  grade. 

I'he  crude  acid  or  technical  grade  which  is  of  rather  indefinite 
color  is  sold  in  22,  Tl.  50,  fib,  80%.  and  other  concentrations.  I'he 
legular  edible  grade,  a  light,  straw-colored  jnoduct,  is  sold  cus- 
tomardy  in  50  to  80%  concentrations;  the  jdastic  grade,  a  colorless 
jiioduct,  is  sold  in  50  to  80%  concentrations,  while  the  IbS.R. 
grade  is  sold  at  85%  concentration.  Typical  analyses  of  these 
various  grades  of  acids  are  shown  in  Fable  47. 

The  technical  grade  of  acid,  not  reejuiring  a  high  degree  of 
purity,  can  be  made  directly  from  fermented  sugar  licpior,  etc  bv 
direct  dccoin|K«ition  of  the  cahitini  lactate  witi,  .stilluric  arid 
filtenns  off  the  calrit.n,  stillatc,  and  conccntratini,.-  Since  the 
intt.al  ht|t,or  ,s  <|,hte  tiiltue,  containing  ahont  !»  to'  111%  ealcitnn 
actate  altei  the  wash  water  from  lennentors,  filters,  etc.,  is  added  a 
large  amotnu  ol  ealennn  sulfate  will  |,reri|,itate  on  concentrating. 
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I'aulk  47.  GRADES  OF  LACT  IC  ACID 


rechnical 

Kdilile 

Plastic 

II..S.P. 

I'otal  aciciity 

44% 

50% 

50% 

85% 

Fice  acidity 

40-42% 

40-48% 

47-40% 

70-78% 

\'<)lalilc  ac  ids 

1-2% 

1-2% 

1-2% 

2-3% 

Asli 

(;arl)c)ni/al)le 

0.0-0./% 

0.4-0.5% 

0.005-0.01% 

0.0.5-0.l% 

organic  mailer 

p  re.se  ni 

present 

none 

none 

Sidfates 

present 

t  race 

none 

none 

C.ldorides 

present 

present 

none 

none 

Color 

vellow  to 
l/rovvn 

slight  straw 
vellow 

colorless 

coloi less 

Iron 

jnesent 

le.ss  than 

3  ppm. 

trace 

trace 

Copper 

present 

trace 

trace 

trace 

which  will  recjuire  removal  by  filtration  at  about  30  to  35%  coi 
ceiitration.  Since  such  crude  technical  acid  contains  many  ol  th 
impurities  present  in  the  starting  material,  the  quality  and  nature  c 
the  starting  material  will  largely  determine  the  quality  ol  th 
technical  acid  made  Irom  it. 

I'he  regidar  edible  grade  ol  acid  recpiires  considerably  mor 
refining  than  the  technical  grade  either  in  the  raw  material  or  in  th 
finished  protluct  and  the  source  oT  raw  material  probably  determine 
the  choice  of  refining  method.  A  flow  diagram  of  the  inocess  lo 
edible  lactic  acid  is  shown  in  Figure  02.  In  making  edible  grade  c 
acid  from  corn  sugar,  it  is  customary  to  refine  the  sugar  to  a  hig 
degree  of  jnirity,  ferment  it  in  a  very-low-protein  medium  unt 
the  sugars  are  coiujdetely  removeil,  decomj>ose  the  calcium  lactat 
liquor'  with  sulfuric  acid,  bleach  the  light  liquor,  concentrate  i 
25  to  30%,  bleach  again,  and  finally  concentrate  at  55  to  ()0%  an 
bleach  for  a  third  time,  benefits  may  also  sometimes  be  noted  i 
bleaching  the  calcium  lactate  licpior  before  decomposing.  Altt 
final  concentration,  the  licpior  may  contain  considerable  iron  an 
copper,  etc.,  from  the  processing  ecpiiimient  which  imparts  a  vei 
ofiiectionable  green-yellow  color  to  the  licpior  and  must  be  remewe 
by  addition  of  sodium  ferrocyanicle  to  form  the  corresponding  no 
and  copper  salts  which  precipitate  and  can  be  reniovecl.  A  som. 
what  better  grade  of  acid  can  be  made  by  crystalli/ing  the  calcim 
iactalc  a.Hl  purilyinK  it  l-y  l.ltn.ii...t  <>,  cemnh.gat.ot,  l.cfote  .  • 
cmtiposing.  rliis  iiielhotl  is  not  without  tltHirtilties,  stne 
caki.t,.,  lactate  te.itls  to  crystalli/c  it.  agglo.nerates  ol  tteetlles  v,h.< 
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ocdiRlf  conskicniblc  iii.Kl.ei  li<,uoi  aiul  arc  iliHuult  tc.  wash  ami 
also,  tiH'  cakium  lactate  is  ol  limited  soltihility  timlei  trystallizinn 
cotKitttoiis  and  the  yield  is  cont|jai atively  siiiall.  Acid  from  this 
process  wtll  he  low  in  tinfei inenteil  citrhohytirates  tind  their  de- 
c«.npos.t,on  prodttets,  hut  will  contait,  ash.  particularly  calcittnt 

lion  extent,  hy  chemical  precipita- 

Several  processes  have  been  developed  in  the  pttst  lew  years  f 
prothutton  ol  htgher  grades  of  ttcid  suitable  for  |,lastics,  certti 


or 
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edible  uses,  and  lor  IbS.P.  quality.  Perhaps  the  oldest  of  these 
improved  methods  is  that  of  steam  distillation  under  high  vacuum. 
i!>, .10.32  I  jiarticidaiiy  effic  ient,  because  the  re- 

co\'ery  of  high  cpiality  acid  is  comparatively  low.  Much  acid 
decomposes  during  distillation  and  the  residue,  after  distillation, 
is  a  black  tarry  mass  which  is  largely  anhydride,  etc.,  and  has  a 
limited  recovery  value.  I'he  yield  and  cjuality  of  the  distillate  are 
largely  dependent  on  the  c|uality  of  the  acid  supjilied  to  the  still. 
If  considerable  carbohydrate  material  remains  after  fermentation 
and  jireliminary  processing,  the  distilled  acid  is  very  likely  to  show 
the  presence  of  carboni/able  organic  substances  by  the  brown  ring 
test^  due  to  their  decomposition  and  subsequent  distillation,  prob 
ably  chiefly  as  hydroxymethylfurfural.  Several  methods,  relying 
chiefly  on  oxidizing  agents,  for  purifying  acid  containing  such 
sid)stances  have  been  patented.  An  example  is  that  of  Haag,^"^  in 
which  a  small  amount  of  nitric  acid  is  added  to  the  lactic  acid  and 
the  mixture  heated. 


FEED 

CONCENTRATED 
CRUDE  ACID 


WATER 


RAFFINATE 

crude  residue 


PURIFIED  ACID 
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Isopropyl  Ether  Extraction  System  for  Eurifying  Each 
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Another  inetliod  lor  purifying  lacii(  acid  lias  been  patented  by 
jeneinann,^’  in  which  the  crude  acid  is  extracted  continuously  in  a 
(onnter-c inrent  system  (see  Figure  (i.S),  using  isopiojiyl  etlier  as 
the  sobent.  I  he  acid  is  reco\ered  Iroin  the  solvent  by  coiinter- 
(411  rent  washing  ol  the  soI\ent  in  the  second  column  ol  the  system 
with  water.  Fhe  lactic  acid  is  recovered  by  evajiorating  the  acjueous 
solution.  Other  solvents  can  be  used,  such  as  diethyl  ether,  butyl 
alcohol,  etc.,  but  partition  coefficients  make  them  less  suitable  than 
isojiropyl  ether.  The  acid  produced  by  this  method  is  substantially 
free  from  ash,  but  will  contain  traces  ol  inij:>urities  Irom  tlie  car¬ 
bohydrates  used  in  the  fermentations  and  must  be  further  refined  by 
caibon  bleaching,  oxidation,  and  by  other  means  necessary  to  make 
it  a  satisfactory  jirocluct. 


.V  third  method  lor  making  high-cjuality  acid  is  through  the 
methyl  ester  and  this  is  probably  the  most  jiracticable  of  all.  This 
process  consists  of  prejiaring  the  methyl  ester  of  lactic  acid  (see 
Figure  64),  distilling  it  free  from  impurities,  and  hydrolyzing  the 
ester  by  boiling  in  dilute  water  solution.  The  regenerated  lactic 
acid  IS  recovered  by  evaporation  while  the  methyl  alcohol  is  distilled 
off.  The  |)1-(KC.SS  was  originally  proposed  by  Hillringhaus  and 
Hedman,“  in  111(15  and  by  Byk,'”  in  1912.  .Several  recent  modifica¬ 
tions  of  the  method  have  been  reported.  Smith  and  Cilaborn-" 
|ire|)ared  pure  water-white  acid,  starting  with  dry  cakinm  lactate 
dissolved  III  a  large  excess  of  methyl  alcohol.  .Siilliiric  acid  was  added 
ami  the  calcium  sulfate  was  removed  by  liltration.  The  excess 
methyl  a  cohol  was  distilled  at  atmospheric  pressure  and  the  water 

thyl  lact,ite  ami  water  was  ftii  ther  diluted,  boiled  to  hydrolyre  the 

la< tic  m-nr disri r:;  tretm^liure Tf  /" 
setpiently  liydroly,iiig  the  ester  The  licoliolT 

'■n-osiy  Irom  I  e^ter  and  excel  :i;,,h:!i::,r;::,;:':::;’:r\™"^ 


Schopmc'yer  and  ArnokF®  patented  a 
esterification,  distillation,  and  hydrolysis 
lactic  acid,  using  methyl  alcohol. 


process 
for  the 
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purifuation  of 
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Continuous  Process  for  the  Ester  Method  of  Refining 
Lactie  Acid 


Filacliione  and  Fisher*'’  studied  various  details  ot  the  method, 
narticilarly  the  latio  ol  alcohol  to  acid,  ettect  „l  the  ccmcentratioi. 
1)1  ctitalyst,  tiiul  other  laetois.  They  showed  that  when  methanol 
vapors  are  passed  ihrongh  an  82%  lactie  acid  sohtfon,  approx,^ 
mately  <1  moles  of  methanol  are  recittirecl  per  mole  of  acid  volati h/ec 
and  that  more  methyl  alcohol  is  ret|uiretl  to  volatih/e  the  acid  honi 

dilute  tium  Iroiu  eoueeutrated  solutions. 

Connnercial  prodnetion  of  lactic  acid  has  beet,  earned  ont  on  a 

cemtinnons  nnit.  in  accordance  with  the  llowsheet  <«  'S-e  ^ 
In  this  system,  ernde  lactic  acid  is  fed  ntto  ester, ly.ng  kettle  nl  « 
it  is  vaporiced  with  methyl  alcohol  throngh  heat  "‘  ''‘"'S'';', 
vanors  from  A  are  passed  into  coltnnn  If  where  methyl  ‘'hohed  - 
taken  olf  the  top  and  methyl  lactate  and  water  oH  the  hottom. 
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methyl  lactate  is  hydrolyzed  in  kettle  Ci  and  methyl  aleohcjl  Iroiii 
the  hydrolysis  is  recovered  through  column  I)  and  returned  to  es- 
terilying  kettle  A.  The  acid  obtained  by  this  prc^cess  is  Iree  Irom  ash 
and  hnv  in  other  impurities  and  meets  all  specifications  lor  U.S.P. 
•sand  j>lastic  grades.  In  this  ojjeration,  serious  tiouble  is  again 
encountered  with  corrosion;  there  is  sufficient  action  of  lactic  acid 
on  stainless  steel  to  dissolve  enough  iron  to  contaminate  the  jiroduct. 
Ceramic  equipment  does  not  withstand  the  jiiolonged  action  of 
strong  acid  and  frequent  temperature  changes,  jjarticidarly  in  the 
esterifying  and  hydrolyzing  vessels.  Ciaskets  also  are  difficidt  to 
maintain  with  so  many  components  in  the  system. 


ANAIAl  ICAL  METHODS 

.Analytical  methods  for  the  control  of  the  process  and  for 
checking  on  the  finished  jjroduct  are,  lor  the  most  part,  conventional 
methods  and  do  not  require  detailed  elaboration.  Analytical  control 
used  on  fei mentor  liquor  consists  generally  ol  j)H  measurements, 
determination  of  unfermented  sugars  by  Munsen-Walker,  or  any 
other  conventional  method,  and  titration  of  the  calcium  lactate  in 
the  clarified  fermentor  liquor  with  sodium  carbonate  in  the 
presence  ol  thymol  blue  indicator. 

Since  all  lactic  acid  contains  some  anhydride,  determination  of 
free  acid  and  anhydride  is  of  some  interest.  It  is  generally  con- 
sklereil  sufficie.u  to  tleterttiine  free  acitl  by  tiliati.ig  tt'tttrecl  portion 
of  diluted  acid  with  standard  sodium  hvdroxide  solution  in  the 
prese.ice  of  phenolphtlialeiii  iitclicator.  I„  order  to  tleterntitie  tite 
aiitottnt  o(  aiihydritlc  present,  ati  excess  of  standard  sodititii 
lydtoxide  IS  added  alter  titrating  tlie  free  acid  ami  the  alkaline 
sointton  relluxed  lor  a  lew  niinnles.  It  is  then  back  titrated  with 
s  andaid  sulinne  acid  to  determine  the  nntiscd  alkali.  From  the  two 

can'll  calcnlate!"'"""  "''''V-l' i>ie 

In  the  plastic  ami  U.S.I>.  grades  of  arid,  the  presence  of  tr  ices 
o  catbohydrates  or  tarbohydrate-derived  impmities  is  ge.terally 
determined  by  the  b,<,wn-ring  test.  This  consists  of  placing  a  s.nall 
amount  ol  the  acid  to  he  tested  in  a  test  i„l.„  •  ^ -i  small 

::r;:brt:::;::rt;^^ 

fostandforatimetos:trh:'^-r:inj;:rr:tthr 
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lace  ()1  the  two  liquids,  which  indicates  the  presence  ol  carbohydrate, 
or  carbohydrate-derived  impurities. 

Inorganic  sid)stances,  which  are  common  impinities  in  lactic 
acid,  are  determined  in  the  usual  way;  the  chlorides  with  silver 
nitrate,  sidlates  with  barium  chloride,  and  ash  by  igjiiting  a  5  or  10 
g  portion  in  a  jjlatinum  crucible.  Volatile  acids  are  determined  by 
distilling  an  ali([uot  portion  Irom  a  diluted  sample  and  titrating 
the  distillate  with  sodium  hydroxide  in  the  presence  ol  jihenol- 
phthalein.  4'he  volatile  acid  is  calculated  as  acetic. 

In  the  analysis  ol  calcium  lactate  powder  or  crystals,  the  jnirity 
or  the  percentage  ol  calcium  lactate  can  be  determined  by  dissolving 
in  water  anti  titrating  hot  with  siHlium  carbonate  in  the  presence 
ol  thymol-blue  indicator.  Volatile  acids  in  calcium  lactate  can  be 
determined  by  distilling  an  alitpiot  j«)rtion  Irom  the  calcium 
lactate  solution  with  sulluric  acid  anti  titrating  the  acid  in  the 
tlistillate  with  sodium  hytlroxide,  in  the  |Mesente  ol  phenol- 
jdnhalein  indicator. 

In  t)rtler  tt)  determine  whether  or  not  butyric  acitl  is  present  in 
the  tlistillate,  portions  t)l  the  tlistillate  can  be  extracted  with 
ist)propyl  ether  and  titrated,"''  and  Irom  partition  coefficient  data, 
the  j)ercentage  ol  butyric  acid  in  the  volatile  acitls  can  be  calculated. 


YIELDS 


Idle  yield  ol  lactic  acitl  Irom  lermentation  is  9$  to  94%  ol 
the  carbohydrates  lermentetl,  aiitl  this  value  does  not  seem  to  vaiy 
appreciably  with  the  various  commert  ial  strains  ol  orgamsms  useil. 
In  contrast,  the  yieltl  ol  Imished  acitl  will  vary  witlely,  depending  on 
the  methfid  ol  processing.  In  the  protlut  tion  ol  technical-grade  acid, 
where  minimum  liltering  aiitl  bleaching  are  retiuiretl.  the  yields  are 
85  to  99%  ol  the  carbtihytlrates  lermentetl.  Losses  are  large  > 
caused  by  inctmiplete  washing  ol  l.ker  cake,  by  entrainment  ol  lactit 
anti  volatile  acitls  during  evaporation,  and  by  miscellaneous  minoi 

nrticess  hisses.  ,  .  , 

In  Uk-  nnKluction  cl  wiil.le  gnulc  cl  add  by  (l.rcd  icI.innR  .1 

,hc  erode  licucr,  sc.newbat  Icwe,  yiel.ls  arc  cbtaincl,  generalb 

alxHU  80%,  since  mere  steps  ami  mere  handling  aic  nnc  sec 

, . . 
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the  quality  of  the  crutle  acid  used.  11  it  is  ol  reasonably  good 
quality,  with  but  little  unlermented  carbohydrate  materials,  a  yield 
ol  70  to  75%  of  high-quality  acid  might  be  obtained  with  10  to 
15%  still  residue,  consisting  of  lactide  and  various  lactic  acid 
'^>olymers,  with  10  to  15%  unaccounted  for.  d'his  loss  is  jirobably 
traceable  to  decomposition  products  during  the  distillation.  I'he 
still  residue  obtained  is  very  dark  and  of  little  value  exccjM  for 
dark-grade  technical  acid. 

In  the  production  of  jdastic  or  U.S.P.  grades  of  acid  through 
the  methyl  ester  jnocess,  using  technical  acid  as  the  starting  material, 
a  90  to  95%  recovery  of  high-grade  acid  can  be  obtained,  since 
there  is  little  loss  in  processing  and  the  still  residue  can  be  ke]H  at  a 
minimum. 


LCONOMICS  OF  LACl  10  AC.'II)  PRODUO  FION 

llie  total  volttnie  of  lactic  ttcitl  pi„cliice(l  iiicreasecl  areatlv 
<l....t.g  the  years  of  Wo, Id  War  II  a„d  i„  trade  circles  ha's  been 

est.n.atecl  at  ahottt  . . .  annttally.  The  United  States 

l)e|)a,t,nent  ol  Uotnnterce  data  given  in  Table  -18  show  total  pro. 
dnctton  ccntsiderably  lower  than  this,  .\ccording  to  these  data,  the 

deaeashtg  were  increasing  while  itnports  were 

ISecanse  of  the  very  high  price  of  resistant  etptipntem  and  the 
-ge  ntnnher  ol  processtng  steps,  the  cost  of  the  eclnipn.ent  i I!  lactic 
.  td  inannlactnre  ,s  an  extremely  important  item  in  the  over-all  cost 
ol  lacttc  accl  ptcdnction.  The  costs  of  raw  tnaterials  tntd  chen  ica 
are  co.nparattvely  low,  the  approxitnate  Hgnres  being  as  follow!: 
Dextrose  at  .S7.()()  per  cut 

(■alcium  earlionate  at  .^IIO.OO  per  ton . 

Sulfuric  add.  (62%)  at  67^  per  cvvt  .  H  '^!! 

Hleac lung  and  refining  agents  . 

l.iuic  and  infscellaneous  cheinicals  . 

'  ner  ulo  M  ^  <^''e.nicals .  — 

l>c  considerably  cheaper  than  dc'x'tmse '  bn , 

■imsl  be  weighed  possible  lower  yields  and  •nt'l"’’!  ‘  ““ 

lor  refining  the  acid  tnade  from  these  c,  ,‘,d  <■"«* 

titfferent  niethods  of  refining  '"atertals,  or  the  cost  of 
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I'ABLE  18.  PRODUCl  ION  AND  IMPOR  I  S  OF  LACl  1C  ACID 


Year  Pr<)ducli<)n,lb  H)'  I iiipoils,  11/ 

I  et  hnical  Edible  and  medical  Total  all  giatles 


1910 

— 

191 1 

— 

1912 

— 

1913 

— 

1911 

— 

1915 

— 

191(1 

— 

1917 

— 

1918 

— 

1919 

— 

1920 

— 

1921 

— 

1922 

— 

1923 

— 

1924 

— 

1925 

— 

192(1 

— 

1927 

— 

1 928 

— 

1 929 

— 

1930 

— 

1931 

— 

1932 

— 

1933 

— 

1934 

— 

1935 

— 

19.3(1 

— 

1937 

— 

1938 

— 

1939 

1 .530 

1940 

1 ,492 

1941 

4.243 

1942 

3,124 

1943 

2,324 

1944 

4,458 

1 945 

3,4(17 

194(1 

2.219 

1947 

2. .52(1 

1948 

2.31(1 

1 949 

1 .700 

— 

185,935 

— 

201,31 1 

— 

335,335 

— 

158,7.54 

— 

242,134 

— 

143.291 

— 

17,845 

— 

100 

— 

3.30 

— 

1 1 .033 

— 

133,75(1 

— 

593.315 

— 

385,840 

— 

184,9,37 

— 

290.(184 

— 

588,958 

— 

202,477 

— 

483,1.50 

— 

377,270 

_ 

404,315 

_ 

2(16,726 

_ 

488,848 

_ 

477.441 

_ _ 

547.230 

_ 

497.810 

1 16,592 

— 

80.401 

927 

62.223 

1 ,292 

2,424 

1  ,(109 

1 ,650 

1  .(172 

1,519 

3,242 

438 

2.931 

not  available 

2, (14(1 

not  available 

4.1(11 

not  available 

4.(172 

not  available 

3.824 

not  available 

3.803 

not  available 

2. (17(1 

not  available 

2.838 

not  available 

“  Voie-T^lier  figures  are  not  available  on  production  because  less  than  ibrec 

,,rn::  rc| '.m'i,  nl:"  ensu,  w:,s  .atcn,  laoic  an.,  no,  ,e,.an„c,v  . . . 

Source:  li.  S.  Dejit.  C'.onnnerce.  Sj)ecial  Repoil. 


Low  vielcls  ol  llic  rii,islic<l  product,  excessive  cost  ol  n, aiitteuat.ee 
clue  to  the  extte.uely  cotfosive  actiot,  ol  the  acid  li<|uof  evet,  on 
'"Lint  types  of  e.,nipn.ent,  Ittslt  lal.ot  and  otltef  ope.at.n,  costs 
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make  the  price  oi  the  hnished  acid  quite  high  as  compared  to  the 
raw  materials.  Because  ol  the  high  costs,  lactic  acid  is  lie(juentl) 
at  a  serious  disadvantage  as  compared  with  comjjeting  acids  (see 
I'able  49). 

I'ablk  49.  COMPARATIVE  SELLINC;  PRICES  OF  LAC'EIC 
ACID  AND  SOME  COMPETING  ACIDS 


■Selling  price  per  cwt 
commercial  ])roduct 

•  Approximate  selling 
price  per  cwt  100%  acid 

l.actic  acid.  44%  technical 

•SI  1.00 

.52.5.00 

50%  edihle 

10.00 

52.00 

50%  pla.stic 

19.75 

59..50 

85%  C.S.l'. 

()9.50 

81.00 

Acetic  acid,  50% 

7.90 

15.80 

glacial 

13..50 

1.5..50 

I’ropioiiic  acid 

18.00 

18.00 

Citric  acid 

27.00 

27.00 

1  artaric  acid 

IMuxsphoric 

.S7.50 

.57. .50 

acid,  50%  food  grade 

5.25 

10..50 

Souiie:  Oil,  Paint  and  Drug  Reporter,  155,  \o.  I,  9  (1949). 


improvements  in  rehning  methods  lor  high  quality,  better 
Jesign  and  better  processing  equipment,  as  well  as  larger  and  more 
elficient  plants  should  reduce  the  cost  ol  lactic  acid  materially. 


USES  FOR  LACil  1C  ACID  AND  EES  DERIVAI  IVES 

Laclit  aci.l  is  a  weak  add  (  J  akle  5(1),  has  a  pleasa.u  sour  taste 

a.ul  but  Itttle  otlor.  It  has  gootl  solveut  properties,  polyuterizes 

(Caddy,  and  luost  ol  (ts  salts  aie  highly  soluble.  Becattse  ol  these 

proptuties  hutit  tuid  has  nuttiy  uses  both  iu  lo„d  p,„durts  aud 
industnallv. 


Tabi.k  50. 


Acid 


COMPARAl  IVE  IONIZATION  CONSTANI  S  FOR 
FAC.T  1C  ACID  AND  VARIOUS  OTHER  .ACIDS 


l  actic  acikl 


K.  X 


1-ormic  acid 

1.38 

■Acetic  acid 

2.14 

I’ropionic  acitl 

0.18 

l  artaric  acid 

0.13 

Citric  acid 

8.00 

Source: 


Imernalional  Critical  l  aldcsTti^  258. 


9.()U 
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About  hall  ol  the  total  lactic  acid  j)rodu(c(l  annually  is  ol  the 
edible  grade.  It  is  used  as  an  acidulent  in  jams,  jellies,  ( onlec tionery, 
sherbets,  solt  drinks,  extracts,  etc.  It  is  also  used  in  brines  lor  curing 
pickles  and  olives  where  it  gives  imj)roved  flavor  and  firmness  in  the 
(inished  product.  Another  application  is  foi'  adjusting  the  jiH  of 
brewery  worts  to  obtain  jiroper  saccharification  and  also  to  keep 
down  undesirable  bacterial  fermentations.  It  is  also  added  to  cows’ 
milk  for  infant  feeding  to  improve  digestibility. 

The  crude  or  technical-grade  lactic  acid  has  long  been  used  in 
delimiiig  hides.  I  he  high  sohdiility  ot  the  calcium  lactate  which 
restdts  from  the  action  ol  the  lactic  acid  on  the  lime  in  the  hide 
and  the  mild  effect  of  the  lactic  acid  on  the  hide  itself  make  it 
particularly  satisfactory  for  this  purpose.  44ns  deliming  was 
originally  done  with  a  bran  slurry  which  owed  its  effectiveness  to 
lactic  acid  derived  from  the  carbohydrates  in  the  bran  by  the 
various  lactic  acid  organisms  }ncsent  on  the  bran.  4  he  use  of  com¬ 
mercial  lactic  acid  for  this  purpose  produces  a  similar  effect  under 
better  controlled  conditions  and  more  quickly.  Lactic  acid  is  also 


used  in  plumping  leather  but  has  little  advantage  over  other  agents 
used  for  this  purj)ose. 

I  he  technical  grade  acid  is  also  used  in  preparing  the  various 
esters,  which  are  readily  made  l)y  reacting  the  appropriate  alcohol 
with  lactic  acid  in  the  presence  of  suitable  catalysts  (sulfuric,  phos¬ 
phoric,  or  hydrochloric  acid).  I  he  lower  molecular  weight  esters, 
namely  methvl,  ethyl  and  propyl,  are  soluble  in  water,  while  the 
higher  ones  are  water  insoluble.  4  hey  are  all  high  boiling  and 
useful  as  solvents  and  plasticizers  in  laccpiers,  varnishes,  etc. 

Lactic  acid  is  used,  to  some  extent,  in  textile  and  laundry 
work-”*  In  finishing  silk,  rayon,  and  cotton,  iactic  acid  produces 
better  luster  and  smoothness  of  feel  and  affects  breaking  strength 
less  than  tartaric  and  other  acids  used.  In  dyeing  wool  with  mordant 
and  chrome  colors,  lactic  acid  is  also  superior  because  of  its  re¬ 
ducing  action  on  bichromate.  i 

In  “souring”  in  the  laundry,  a  process  to  avoid  tarnish  ol  hi  cn 

i,o„iug  due  to  incomplete  removal  of  sciap.  etc., 
n„l  hanniul  for  chc  fal.rus,  even  in  eonsule. able  excess,  and  Us 
,,e  very  solulrle;  as  a  resnil.  it  is  |.articnlarlv  stnled  lor  tins  job. 

riL  olasti.  -gratle  lactic  at  iti  has  the  lolb.vvntg  a|,|.ln  attons. 

(1)  It  is  used  in  the  curing  of  certain  phenolic  resins. 

(2)  It  is  employed  in  the  preparation  ol  alkyd  type  lesins 
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lornied  by  the  reaction  oi  polyhydrit  alcohols,  such  as  glycerol, 
with  dibasic  organic  acids,  such  as  maleic,  etc.  Since  lactic  acid 
contains  both  hydroxyl  and  carboxyl  groups,  it  can  be  reacted  with 
the  alcohol  and  increase  the  chain  lengths  and  still  have  the  same 
number  ol  hydroxyl  groups  available  for  further  reaction  as  the 
original  alcohol  had.  In  effect,  it  increases  the  chain  lengths  of  the 
alcohol  and  the  variety  of  polymers  which  can  be  obtained.  These 
alkyd  resins  are  widely  used  in  paints,  varnishes,  and  lacquers. 

(3)  In  the  methyl  acrylate  syn thesis, lactic  acid  can  be 
esterified  to  yield  the  diester  by  reacting  tlie  u-hydroxyl  grou})  with 
a  suitable  acid  anhydride  which  can  be  pyrolyzed  to  the  correspond¬ 
ing  acrylic  acid  derivative.  For  example,  methyl-a-acetoxypropionate 
will  yield  the  monomeric  methyl  acrylate  on  heating.  The  methyl 
acrylate  will  polymerize  readily  with  heat  or  a  suitable  catalyst 
and  has  a  wide  range  of  uses  in  the  preparation  of  lacquers, 
varnishes,  impregnating  agents  for  textile  fabrics,  paper,  etc.,  as 
well  as  in  plastics  and  molded  compounds. 

Since  the  first  lactic  acid  process  in  America  was  developed  for 
the  pioduction  of  calcium  lactate  lor  use  in  baking  jjowder,  it  is 
interesting  to  note  that  this  is  still  an  important  outlet  for  this 
acid  and  considerable  quantities  of  calcium  lactate  are  used  in 
ceitain  baking  powders  to  stabilize  them  and  control  the  rate  of  gas 
evolution.  Calcium  lactate  is  also  used  in  certain  jdiarmaceuticals 
as  a  source  of  calcium. 

Sodium  lactate  is  ordinarily  sold  as  a  50%  solution.  It  is 
strongly  hygroscopic  and  during  World  War  11  was  used  extensively 
to  replace  glycerol  in  textile  finishes,  paper  sizes,  glue,  tobacco, 
and  for  similar  uses.  In  addition,  it  is  a  good  freezing  point  de¬ 
pressant  and  gives  a  somewhat  greater  lowering  of  the  freezing  point 
m  solutions  than  does  an  equal  weight  per  cent  solution  of  glyc- 
ero  .3«  It  IS,  however,  somewhat  unstable  and  inclined  to  be  corrosive 
and,  for  tins  reason,  attempts  to  commercialize  its  antifreeze  prop¬ 
erties  have  to  date  been  unsuccessful.  Further  work  on  stabilizing 
scxhuiii  lactate  or  possibly  developing  potassium  or  ammonium 

l.ee.e  Tl.c  vanous  ethanolan.ine  lactates  have  been  considered  as 
1-oss.l.  e  ttnttlreere  sointinns,  hnt  here  again,  the  tendency  t  Intak 
down  has  prevented  their  commercialization 

Dnring  World  War  U,  a  pure  grade  of  sodium  lactate  was 
eloped  anti  used  for  human  transfusions  where  the  victim  had 
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lost  large  (juantitics  of  body  Iluids,  such  as  in  the  case  of  severe 
burns.’* 

Copper  lactate  is  used  in  electroplating  by  a  new  technique 
which  makes  it  jjossible  to  obtain  a  range  of  finishes  on  metal  by 
varying  the  conditions  used,  d'he  finish  is  claimed  to  be  permanent 
and  to  have  many  advantages  over  ordinary  paint  or  enamel. 

Its  use  is  suggested  in  insecticides  for  chewing  insects,  such  as 
a  ‘‘Lactic  Cireen”‘^  as  a  jiossible  replacement  for  Paris  Green.  Cdaims 
are  also  made  for  a  fungicidal  prejiaration  for  burlap  and  other 
fabrics  prejiared  from  a  phenyl  mercury  salt  and  an  excess  of  lactic 
acid."" 

Cialcium  lactate  has  medical  uses  as  a  hemostatic  and  anti- 
sjiasmodic  and  as  a  source  of  calcium. 


GENERAL  COMMENTS 

Ehe  wide  range  of  utility  of  lactic  acid  and  its  derivatives,  both 
in  the  food  and  industrial  fields,  shoidd  greatly  increase  the  demand 
for  these  versatile  products.  Ehey  are  not  without  competitors, 
however,  from  other  fields  particidarly  synthetic  chemical  processes. 
.Methyl  acrylate,  for  instance,  can  be  made  from  acetylene  by  the 
Reppe  process  or  from  ethylene  chlorohytlrin  and  sodium  cyanide"’ 
at  a  price  with  which  lactic  acid  cannot  comjiete.  However,  lactic 
acid  can  be  made  largely  from  very  low  pricetl  or  even  waste 
materials  and,  with  the  technology  of  manulacture  ol  all  grades 
tjuite  well  worked  out,  its  mamdacture  on  a  large  commercial  scale, 
in  well-designed  plants  should  greatly  reduce  the  production  cost 
and  extend  the  scope  of  its  uselulness. 
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CHAFTKR  13 


THE  CITRIC  ACID 
FERMENTATION  * 

Mamin  }.  JoJinson 


(Citric  acid  is  a  hydroxy  tricarboxylic  acid  ol  wide  occurrence 
in  nature  in  many  Iruits.  Its  structural  tormula  is: 


CH/COOH 


HO-C-COOH 

I 

t.H.'COOH 


A  (juarter  of  a  century  ago,  citric  acid  was  obtained  connner- 
cially  only  Iroin  citrus  Irints.  I'oday  production  has  increased  more 
than  hve-told  and  approximately  90%  ot  the  prciduct  is  obtained 
by  mold  lermentation.  Production  and  import  data  lor  the  prewar 
period  have  been  summari/.ed  by  Wells  and  Herrick.-  American 
production  ol  citric  acid  in  1917  was  30, 000, 000  H),  valued  at. 
,‘$r),(i00,000.''’-'  Since  1950  great  expansion  ol  the  production  lacihties 
lor  citric  acid  lioth  in  the  United  States  and  abroad  has  occurred 
and  is  continuing."^"  Production  during  1952  was  prolialily  at  least 

50,000,000  lb. 

Mycological  preparation  ol  citric  acid  has  been  successlul, 

*  I'lic  itiformalioii  rcIcrriiiK  lo  woil-  «'<  date  than  caily  Mas  !)<-( 'i 

added  liy  the  editors. 
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l)ccausc  liigli  yields  ol  the  acid  can  he  c>l)tained  Ironi  a  relatively 
cheap  carbohydrate  source,  molasses.  Citric  acid,  at  a  price  ol  'Zlf 
per  pound,  occuj^ies  a  j^ositicju  intermediate  between  stich  low- 
cost,  large-scale  lermentation  jjrodticts  as  ethyl  and  btityl  alcohols 
\and  high-cost,  low-yield  prodticts,  such  as  vitamins  and  antibiotics, 
commercially  practicable  synthesis  ol  citric  acid  does  not  seem 
possible  in  the  near  luture  and,  therelore,  the  lermentation  citric 
acid  industry  is  likely  to  continue  its  growth. 

7'he  cleveloj:)ment  ol  the  citric  acid  lermentation  may  be  divided 
into  three  historical  jjhases.  I’he  first  jjhase,  during  which  ler- 
mentations  were  carried  on  by  various  Penicilliiun  species,  with 
addition  ol  a  netitralizing  agent,  was  begun  by  \V^ehnier'^“  in  1893. 
The  second  jihase,  that  ol  surlace  lermentations  by  means  ol 
Aspergillus  uiger,  was  inaugurated  by  the  paper  ol  Currie’’’  in  1917. 
I’he  third  phase,  that  ol  submerged  lermentation,  began  with  the 
work  ol  Perquin’’’  in  1938  and  ol  Karow'-’’  in  1942.  The  work  done 
during  the  first  phase  can  be  dismissed  as  ol  historical  interest  only 
and  will  be  reierred  to  but  brielly. 

The  German  microbiologist,  Carl  Wehmer,  discoveretl’’'’”®  in 


1893  that  certain  molds  would  produce  citric  acid  Irom  sugar.  He 
considei ed  the  isolated  molds  to  belong  to  a  new  genus,  Citroiuyces, 
although  they  have  since  been  regarded  as  PenicilUaA'-^  In  his 
publications,*”  '’’^'’’’’^  Wehmer  very  apparently  withheld  exact  in- 
lormation  concerning  the  medium  used,  the  conditions  ol  incuba¬ 


tion,  and  the  yields  obtained.  With  regard  to  sugar  concentrations, 
he  specifies  “not  too  dilute’’  solutions  or  “10  to  20%  sugar.’’  Con¬ 
cerning  other  ingredients  ol  the  medium,  he  states  only  that  calcium 
caibonate  may  be  added,’’  or  that  it  was  used,  and  that  ammonium 
nitrate,  potassium  phosphate,  and  magnesium  sullate  (amounts  un¬ 
specified)  are  added.  The  only  yield  figures  given  are  that  1  1  kg  ol 
glucose  yielded  fi  kg  ol  citric  acid-  and  that  yields  “up  to  50%’’  had 
been  obtained.'’^  I'he  lermentation  temperature  specified  is 
ordinary  temperature,’’  although  a  statement  is  made  that  ier- 
nientation  proceeds  more  rapidly  at  15“  to  20“C  than  at  lower 
tCMiiperatures.  I'he  lermentation  time  specified  is  8  to  14  days'” 
akhougl,  VVeh.ne,-  la.e,“  stated  titat  4  tt,  (i  weeks  were  ret|t,i,ed 

I  he  latter  hgttre  ,s  ,„ore  i„  agree,,, ent  with  the  tesults  ol  othe,' 
workers  with  similar  cultures. 

The  ,easo„  lor  VVel„„e,  s  vag„e„ess  with  r  egard  to  ex,,eri,„e„f,l 
tetatls  was  undouhtedly  l„s  ,„tentio„  to  ,„ake  industrial  use  of  the 
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Icniicntation.  An  attempt  was  matle  to  utilize  Wehmer’s  process 
(ommercially  at  a  lactory  in  I'hann,  Alsace,  beginning  in  1893.  It 
was  not  successlul  and  was  abandoned  in  19()3.‘*’'  I'he  difiiculties 
encountered  were  later  summarized  by  Welnner."^  Illustrative  ot  the 
lact  that  some  ol  the  tlitticulties  involved  in  commercial  lermenta- 
tions  have  not  altered  since  1893,  some  ol  Wehmer’s  difficidties  may 
be  listed:  (1)  tlifficidty  ol  selection  ol  proper  organisms,  (2)  de¬ 
generation  ol  the  organism,  (3)  contamination,  (4)  inordinately  long 
lermentation  time,  (5)  high  plant  construction  costs,  (6)  insufficient 
sjiread  between  raw  material  costs  and  price  ol  finished  product. 
It  is  interesting  to  note  that  a  significant  omission  in  this  list  is  the 
difficulty  ol  maintaining  an  optimal  medium  at  all  times,  a  difficulty 
which  certainly  exists  in  all  modern  citric  lermentations,  but  which 
was  probably  overlooked  by  Wehmer.  Wehmer  writes  that,  up  to 
1910,  no  successlul  citric-lernientation  process  had  been  evolved  in 
(iermany.  This  statement  is  confirmed  by  a  consular  report  of  the 
same  year.“^ 

Other  investigators,  not  so  chary  ol  disclosing  experimental 
procedure,  followed  Wehmer.  Maze  aiul  Perrier'’"^'*  isolated  and 
used  Fetiicillium-Vikc  mold  strains  which  they  named  as  members 
of  the  genus  Citromyces  for  no  apparent  reason  apart  from  the  fact 
that  they  produced  citric  acid.  1  hey  used  glucose  concentrations 
of  the  order  ol  10%  and  organic  nitrogen  sources.  I'heir  best 


medium  was  a  bean  extract.  Calcium  carbonate  addition  was  lound 
to  be  essential  to  higli  yields.  The  incubation  temperature  vrsed  was 
1()°  to  22°C.  The  highest  yield  rej>orted  (alter  57  days  incid)ation) 
was  4.47  g  citric  acid  from  1 1.63  g  added  glucose  in  100  ml  medium. 
They  showed,  however,  by  serial  analyses  that  incremental  yields 
ol  more  than  50%  of  sugar  used  were  obtained  alter  mycelial  growth 
w'as  essentially  complete.  Of  interest  is  the  fact  that  they  obtained 
considerable  amounts  ol  citric  acid  from  glycerol.  I'hey  came  to 
the  conclusion  that  citric  acid  was  not  a  direct  product  of  supi 
metabolism,  but  was  liberated  into  the  medinm  by  autolyzing 

mycelium. 

Buchner  and  Wustenfeld”  used  cultures  obtained  from  both 
Wehmer  and  Maze.  4'hey  obtained  yields  up  to  69%  of  sugar  used, 
alter  66  days  of  incubation.  Herzog  and  Polotzky,  using 
myces”  strains  isolated  by  themselves,  obtained  yields  up  to  28%  on 
5%  ghuose  solutions  in  8  weeks.  I  heir  yields  fiom  glyteio  weie 


Citric  Acid  Fermentation 


423 


just  as  good  as  those  Iroiii  glucose.  I  hey  also  obtained  citric  acid 
Ironi  a  variety  of  hexoses,  pentoses,  and  disaccharides. 

Neither  Welnner  nor  the  workers  who  followed  him  discovered 
that  Aspergillus  sj)ecies  form  citric  acid.  These  molds  were  believed 
>o  yield  primarily  oxalic  acid,  ft  is  difficult  to  guess  what  the 
reason  may  have  been  for  this  failure  to  find  citric  acid  as  a  product 
of  sugar  oxidation  by  Aspergilli.  One  jiossibility  is  that  the  media 
used  (including  the  popular  Raidin’s  medium)  contained  zinc,  iron, 
manganese,  and  jdiosjihorus  in  sufficient  amounts  to  prevent  citric- 
acid  accumulation  in  Aspergillus  cultures.  As  will  be  brought  out 
later,  only  in  media  deficient  in  some  of  these  elements  does  citric 
acid  accumulate. 


4  he  second  jihase  of  the  history  of  citric  acid  fermentation 
began  with  the  jjublication  in  1917  of  Currie’s  excellent  jiaper  on 
citric  acid  production  by  Aspergillus  niger.^^ 

Currie’s  investigation  was  the  result  of  the  observation  of  Thom 
and  Currie,®^  during  a  study  of  oxalic  acid  production  by  Aspergilli, 
that  the  observed  titrable  acidity  sometimes  greatly  exceeded  the 
oxalate  produced.  4'he  acid  present  was  identihed  as  citric,  and 
Currie  s  work  followed.  Currie’s  high  yields  of  citric  acid,  it  appears 
in  the  light  of  present  knowledge,  were  probably  due  to  his 
recognition  that  minor  constituents  of  the  medium  were  important 
from  the  standpoint  of  citric  acid  yield.  He  mistakenly  believed 
that  no  mineral  elements  other  than  potassium,  phos]diorus,  mag¬ 
nesium,  and  sulfur  were  necessary  for  mold  growth,  but  his  convic¬ 
tion  that  the  usual  mold  media  were  too  complex  undoubtedly  led 

him  to  use  a  medium  sufficiently  simple  to  make  possible  systematic 
variation  of  its  comjionents. 

Currie  s  discovery  was,  essentially,  that  ntauy  strains  ol  AsheraHlm 
mger,  when  grown  at  low  pH  values  in  surface  culture  on  con- 
centratetl  (up  to  15%)  sucrose  solutions,  in  inorganic  tnedia  co.!- 
tanung  optnual  concentrations  of  certttin  nutrients,  gave  yields  of 
ette  aetd  up  to  55%  of  the  ad, led  sucrose.  His  krottutreuded 

pans.  Incubation  was  at  28-C,  generally  for  ^,'1'', 

patently  experienced  the  lack  of  reprodneihility  of  resul  ^  I  u  h*" 

iH-en  charactertstic  of  tuost,  .f  not  all,  stu.lij  of  t":  citric  an.J 
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IcniKMitations.  He  slated  that  “the  variability  ol  the  1(  rineniatioiis 
imtler  what  aj)pears  to  be  identical  conditions  is  a  dilhculty  that 
has  not  been  entirely  overcome.  .  .  .  All  ol  the  conditions  that  may 
inllnence  the  course  ol  the  lermentation  are  not  within  the  control 
ol  the  experimenter.” 

With  the  work  ol  (lurrie,  the  modern  jieriod  in  the  investigation 
ol  citric  acid  lormation  by  molds  may  be  considered  to  have  begun. 
Some  ol  the  results  obtainetl  by  the  host  ol  workers  who  lollowed 
him  will  be  discussetl  in  the  lollowing  sections. 

FACn  ORS  AFFECT  INC;  (H  I  RIC  ACID  PRODUCTION  BY 
A.  NKUAi  IN  I  TIE  LABOR.V  T  ORV 

large  number  ol  workers  have  contributed  to  our  knowledge 
ol  the  citric  lermentation.  4  he  laboratories  ol  Bernhauer,^  '^  '' 
TUitkevich/"'*'  and  Chrzaszc/4^  have  been  especially  active. 

On  some  points,  there  is  general  agreement  among  laboratories. 
4'he  Aspergilli  have  been  lound  to  be  the  best  citric  acid  producers. 
Special  strains  ol  A.  niger  are  generally  used,  but  others,  such  as 
A.  (nvainori'-^'^  and  A.  rccn have  been  also  employed.  The 
cultures  are  best  stored  as  dry  spores,  without  periodic  transler.'* 
The  mold  may  be  grown  on  a  gnnvth  medium,  then  made  to 
produce  citric  acid  on  a  replacement  medium, or  citric  acid  may 
be  produced  in  the  original  medium. The  first  j^rocedure  aj> 
pears  best  lor  maximum  yields  lor  the  purpose  ol  mechanism 
studies,*"  but  the  second  is  generally  lound  sui)erior  lor  highest 
practical  yields,  that  is,  grams  ol  citric  acid  produced  per  gram  ol 
total  sugar  used,  including  sugar  used  lor  growth.  T  he  depth  ol 
medium  used  lor  the  surlace-growth  procetlure  is  generally  between 
I  and  2.5  cm,  although  depths  ol  5  cm'^  and  8  end  have  also  been 

employed. 


Fermentation  Temperature 

For  A.  niger  leniienlalions,  an  inrnl)ation  tcin|)tratme  ol  28 
to  hits  been  generally  loniul  oplinial.  lieinhanei,  honetet, 

t.seil  higher  te.nperatnres,  ,H2"  to  »•(;.  Kovats“  loniul  that  hesi 
results  were  setttretl  in  stufose  let titc.Uiitio.is  when  the  teinpeiaunc 
was  held  at  28"(;  iluring  the  lirst  S  days,  then  reduced  to  . 
With  heet.ntolasses  ntedia,  however,  he  lound"  that  the  ynm.m 
teu.perature  dependetl  on  the  aritlity  ol  the  nteditun.  For  snit- 
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niergcd-culture  fermentations,  Sziics°‘^  anti  Slni  and  JohnsoiT*^  iisetl 
25°C,  anti  Karovv  anti  VV^aksinan^^  nsetl  28°(i  with  A.  xcentii.  The 
ojjtinial  intubation  temperature  is  untloid)tetliy  a  function  ol  the 
moltl  strain  anti  the  metlium  usetl  anti  sht)ultl  l)e  tletermined  ft)r 
eut  h  set  of  contlitions. 


Sugar  Coiioentratioii 

Sugar  concentrations  of  more  than  20%  have  been  usetl,  but 
there  is  general  agreement  that  concentrations  t)f  10  to  20%  are 
optimal.  Shu  anti  Johnson,^*  working  with  submergetl  fermenta¬ 
tions,  Itjuntl  that  concentrations  ol  20%  were  not  too  high  since 
the  time  retjuiretl  for  fermentation  was  j)ro)x)rtional  to  the  sugar 
concentration.  4'here  is  some  evitlence  that  the  use  of  high  sugar 
concentrations  is  more  successful  when  the  citric  acitl  is  partially 
neutralizetl  by  the  addition  of  calcium  cat  bonate  or  other  neutraliz¬ 
ing  agents. 


Organism  Used 

1  licre  is  genci  al  agieeinem  dial  only  selected  strains  ol  A.  niger 
yield  large  ainotints  of  citric  acid.  .AM  workers  have  loiind  tliat 
among  high-yiekling  strains,  there  ate  tlifferences  with  regard  to 
the  optimal  contlitions  lor  the  fennenlation.  ,\s  a  rule,  the  same 
strain  is  not  found  best  in  differc'nt  laboratories,  probah’lv  hecaitse 
of  differences  m  lerinentation  conditions.  In  a  field  where  each 
worker  uses  his  favorite  culture,  it  is  very  dilficnlt  to  compare  the 
work  ol  vartons  laboratories  or  to  draw  general  concinsions  basal 
on  the  lesnlts  ol  mote  than  one  investigatoi .  The  fact  that  workers 
do  not  agree  on  the  meiits  of  a  given  sliain  is  evidence  in  itself 
that  a  number  ol  ntiknown  variables  arc  involved  in  the  experi¬ 
mental  conditions  used  in  various  laboratories.  Even  the  use  of 
distilletl  water  Iron,  more  than  one  still  has  been  .shown,  on  more 
Ilian  one  occasion,  lo  cause  variability  of  results.  Dilferent  lots  of 
sugar  also  often  give  tlilferent  results.  I,  is  probable  that  the  reason 
cst  icsidts  are  most  often  obtained  with  sucro.se  is  the  fact  that 
this  siigai  IS  most  readily  available  in  high  piirilv  So,  r 


I’e  no 


ll  has  been  lound  renp:uprllv  (i,-,.  .  i 
ill  ies  ability  to  give  high  yields  <>1  <  i.'i  ie^iciT 
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is  inclined  to  consider  at  least  part  ot  the  variability  attributed  to 
changes  in  the  culture  as  due  to  unrecognized  changes  in  the  com¬ 
position  of  the  inediuin  or  in  other  conditions.  It  is  well  known 
that  mold  cultures  transferred  at  regular  intervals  by  spore  transfer 
are  likely  to  change  their  characteristics.  It  is  etjually  well  known 
that  very  little,  if  any,  change  takes  place  in  a  mold  culture  stored 
in  the  form  of  dry  spores. 

Yields  ()l>tuinal>le 

The  citric  acid  yields  rejjorted  by  various  workers,  of  course, 
vary  greatly.  W'hen  citric  acid  is  j^roduced  by  preformed  mold 
mycelium,  the  actual  yield  can  usually  not  be  determined,  since 
the  sugar  used  in  growing  the  mycelium  is  often  not  determined. 
\\4ien  citric  acid  is  produced  in  the  growth  medium,  the  yield  has 
been,  in  most  of  the  studies  mentioned,  between  60  and  80  g  of 
anhydrous  citric  acid  per  100  g  of  added  sugar.  When  crude  sugar 
sources,  such  as  beet  molasses,  are  used,  the  yields  generally  range 
from  50  to  70%.  There  is  no  standard  manner  of  expressing  yield. 
The  basis  used  may  be  citric  acid  monohydrate  (the  commercial 
form  of  the  acid),  or  anhydrous  citric  acid.  It  may  be  calculated 
on  sugar  used  or  sugar  added.  I'he  sugar  used  for  development  of 
mycelium  may  or  may  not  be  included.  Citric  acid  may  be  de¬ 
termined  colorimetrically,  by  isofation  ol  calcium  citrate,  or  by 
simple  titration,  with  or  without  correction  lor  the  oxalic  acid 
often  produced  in  apjjreciable  amounts,  d  hese  lactors  must  l)e  con¬ 
sidered  in  evaluation  ol  yield  figures  given  in  the  literature. 

Composition  of  the  Medium 

Apart  from  the  selection  of  a  suitable  culture,  the  use  of  a 
medium  of  the  proper  composition  is  certainly  the  most  important 
condition  for  realization  ol  high  citric  acid  yields.  A  medium 
giving  optimal  growth  of  the  fungus  does  not  give  good  citric  acid 
jiroduction,  since  carbon  converted  to  mycelium  is  unavailable  loi 
citric  acid  formation.  It  may  be  safely  assumed  that  since  carbon 
dioxide  is  the  normal  end  product  of  carbohytlrate  utilization, 
conditions  under  which  citric  acid  accumulates  are  abnormal  and 
may  be  considered  to  be  the  result  of  nutritive  delicicncies  in  the 
medium.  The  media  used  by  most  workers  are  similar  in  that  t  le 
great  majority  of  them  contain  chiefly  ammonium  nitrate,  mono- 
potassium  phosiihate,  and  magnesium  sulfate.  Hydrochloric  atit 
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is  commonly  used  to  lower  the  jjH.  Metal  ions  (usually  iron,  zinc, 
and  manganese)  are  sometimes  ackled.  I'here  is,  however,  no 
agreement  with  regard  to  the  optimal  amounts  ol  some  ol  the  con¬ 
stituents.  T  he  amount  ol  ammonium  nitrate  used  does  not  vary 
jpeatly,  2  to  g  jk'i  1,  or  an  etjuivalent  amount  ol  some  other 
nitrogen-containing  salt,  l)eing  used.  I'his  limits  mycelial  growth 
to  10  to  20  g  per  1.  Less  growth  may  he  obtained  il  some  lactcjr 
other  than  nitrogen  is  the  limiting  nutrient,  as  is  olten  the  case. 
44ie  amount  ol  monopotassium  phosjjhate  used  is  either  high  (1  to 
.H  g  per  1)  or  low  (0.8  g  per  1).  I  he  amount  ol  magnesium  sullate 
used  shows  great  variation.  Addition  ol  metallic  ions  is  lound  to 
be  harmlul,  helptid,  or  without  effect,  dej^ending  on  the  investigator 
and  the  experimental  conditions. 

Although  the  published  data  on  the  effect  ol  the  composition 
ol  the  medium  are  complex  and  contradictory,  it  is  ]:)ossible  to  lorm 
some  conclusions  which  aj^pear  to  be  consistent  with  most  ol  the 


data.  Even  il  these  conclusions  serve  only  as  an  aid  in  orienting 
the  mass  ol  available  data,  they  are  ol  value.  It  is  generally  agreed 
that  a  mold  cidture  with  an  abundance  ol  nutrients  will  not 
accumulate  citric  acid,  but  will  oxidize  sugar  completely  to  carbon 
dioxide  and  water.  1  herelore,  it  is  probable  that  citric  acid  ac¬ 
cumulation  occurs  as  the  result  ol  an  enzymic  dehciency  caused 
by  the  use  ol  a  metlium  deficient  in  one  or  more  essential  nutritive 
elements.  Ihe  literature  indicates  that  several  types  ol  deficiencies 
lead  to  citric  acid  accumulation.  Among  the  nutrients  apparently 
ol  importance  in  this  respect  are  phosphate,  manganese,  iron,  zinc 
and  probably  coj^per.  There  are  several  reasons  lor  the  unsatis- 
lactory  state  ol  our  present  knowledge.  First,  very  lew  investigators 
have  given  attention  to  the  trace  metals  present  as  impuritL  in 
then  media.  Second,  those  investigators  who  have  svstematicallv 
varied  constituents  ol  the  medium  have  almost  always  used  as  a 
relerence  medium  (the  constituents  ol  which  were  varied  one  at  a 
lime)  one  which  gave  optimal  citric  acid  yield  and  thus  was  already 
deficient  in  one  or  more  essential  components.  The  complex  de 
ficiencies  resulting  Irom  this  procedure  are  difficult  to  interpret 
hi  d,  a  laige  number  ol  different  strains  ol  A.  niger  have  been 
used.  Since  it  is  certain  that  the  nutrient  retjuirenumt.  - 
th^strain  used,  comparison  ol  the  work  ol  different  investi^uors  is 

In  spite  ol  these  difficulties,  some  degree  ol  consistency  can  be 
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loiind  in  tlie  seemingly  eniuradicKny  reports  in  the  literature  if 
the  assinnj)tion  is  made  that  citiie  acid  accimmlation  occurs  when 
the  medium  is  deficient  in  one  or,  jneferably,  more  than  one,  of  the 
following:  phosphate,  manganese,  iron,  zinc,  and  probably  copper. 

In  a  part  of  the  work  ol  Shu  and  [ohnson^^  on  submerged 
citric  acid  formation  by  A.  niger,  a  medium  not  sufficiently  deficient 


to  bring  about  accunudation  of  significant  amounts  of  citric  acid 
was  used.  1  his  medium  was  deficient  in  manganese,  however.  The 
constituents  of  this  medium  were  varied  one  at  a  time,  others  being 
jjresent  in  excess.  It  was  found  that  citric  acid  accumulated  in 
fairly  large  amounts  when  phosphate,  iron,  or  zinc  were  made 
limiting.  In  each  case,  the  concentration  of  the  limiting  nutrient 
which  gave  optimal  acid  production  was  one  at  which  mycelial 
growth  was  reduced  somewhat,  but  not  greatly.  In  the  complete 
medium,  the  limiting  nutrient  lor  mycelium  production  was 
nitrogen.  Further  limitation  in  nitrogen,  or  jjioduction  of  a  mag¬ 
nesium  deficiency,  did  not  residt  in  citric  acid  accumulation.  It 
had  previously  been  louncF’^'^"  that  citric  acid  would  not  accuimdate 
in  any  of  the  media  tried  unless  manganese  was  deficient.  Best 
yields  were  obtained  on  a  medium  deficient  in  iron,  zinc,  and  man¬ 
ganese.  Combinations  of  phosphate  deficiency  with  these  deficiencies 
were  not  tried.  Copjjer  was  not  varied  and  may  have  been  present 
in  slightly  deficient  amounts.'’’’' 

I'omlinson,  Camj:)bell,  and  ’Frussel,'"’*  who  used  the  same  strain 


of  A.  niger  as  Shu  and  Johnson,  but  usetl  the  surface-cidture  method, 
report  that  “the  quantities  of  iron,  copper,  and  manganese  found 
most  suitable  for  the  prodiu  tion  ol  high  yields  ol  citric  acid  were: 
lower  than  the  quantity  of  those  elements  rcxiuired  for  good 
growth.”  They  also  found  that  zinc  was  necessary,  but  that  excessive 
amounts  tlecreased  yields. 

Perquin,’’’  Sziics,''”  and  Karow  and  Waksman,^"  working  with 
rejdacement  metlia  in  submerged  culture,  all  stress  the  im})ortance 
of  low  phosphate  levels  lor  high  citric  add  yields.  The  first  two 
workers  presented  no  data  on  the  metal  content  ol  their  media;, 
Karow  and  VVaksman  added  zinc  and  manganese.  Citric  acid  ac¬ 
cumulation  apparently  occurred  because  ol  j)hosphate  deficienty  on 
a  combination  of  phosphate  and  metal  deficiencies.  More  recently, 
Sziics’’’  has  found  the  atldition  of  skim-milk  .solids  to  be  at -■ 
vantageous.  Since  many  investigators  have  found  that  organic, 
growth  factors  are  not  required  by  A.  niger  for  eithei  giowth  on 
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citric  acid  production,  it  might  be  assumed  that  the  sujjjjlement 
eitlier  j)ro\'ides  an  element  present  in  sidtoptimal  cjuantity,  oi 
removes  (by  combination  with  ]jrotein)  an  clement  present  in 
adecjuate  amount,  thus  producing  a  desirable  dchdency. 

A  nund)er  ol  investigators,  using  the  surlace-cidtnre  method, 
have  also  apparently  used  j)hosphate  dehciency  to  bring  about  citric 
acid  accumulation.  Among  them  are  Butkevich  and  T'imoleeva," 
Wells,  Moyer,  and  May,**'*  anti  Naka/awa,  I'aketla,  and  Nakano.”’" 
VAny  high  yields  were  obtained  by  Butkevich  and  Gaevskaya*”  by 
growing  the  mycelium  on  a  metlium  very  low  in  phosphate  and 
using  a  replacement  metlium  containing  no  atltletl  phosjjhate. 

It  is  unquestionably  true  that  moltl  strains  vary  in  their  tpian- 
titative  requirements  lor  essential  elements.  In  addition,  the  degree 
of  deficiency  ol  one  metal  which  is  ojitimal  lor  citric  acitl  prtKluction 
tlepends  on  the  tlegrce  to  which  other  metals  are  deficient.  7'hus, 
Perlman,  Dorrell,  anti  Jtthnson'*®  loiintl  tvith  A.  niger  strain  (12, 
on  a  metlium  apparently  tleficient  in  iron,  zinc,  and  niangane.se, 
that  j^artial  remtival  ol  the  iron  tleficiency  tir  ol  the  manganese 
deficiency  would  increa.se  yields,  but  that  when  optimal  amounts 
ol  iron  were  atltletl,  atldition  ol  manganese  tlecreasetl  yieltls.  Atl- 
tlition  ol  zinc  always  tlecreasetl  yieltls.  Shu  and  }ohnson^’  found 
that  the  tlegrec  of  iron  deficiency  giving  optimal  yieltls  tlcpentlcd 
on  the  tlegree  ol  zinc  tleficiency  present. 

•Most  workers  whti  have  investigatetl  the  effect  of  atltlitions  of 
metals  have  not  atlopted  the  technique  of  investigating  each  metal 
when  the  others  were  present  in  excess.  Metal  ions  have  been  atltletl 
to  a  basal  medium  containing  unknown  amounts  of  metal  ions  as 
impinities,  or,  il  it  is  lountl  that  atldition  of  one  metal  at  a 
teitain  level  is  optimal,  atldition  of  further  metals  is  tried  with  a 
medium  containing  optimal  amounts  of  the  first  metal  Since  the 
trace-metal  content  of  the  sugars  anti  salts  usetl  in  the  media  of 
most  workers  was  not  determinetl,  it  follows,  in  the  ca.se  of  investi- 
g<itors  who  irsetl  relatively  high  phosphate  concentrations  anti  who 
thcrelmc  l„o„glu  al,out  ckric  acid  accu.m.lation  l,y  ,„eans  ol  on- 
comroilecl  metal  .Icrir.encies,  that  eliects  ol, served  when  the  con- 
cencrations  ,,!  salts  and  sngars  were  varied  niav  have  been  tine  to 
aeco,n|,any,ng  vanatnms  in  the  trace-metal  cot, tent  ol  the  tneditnn 
ms,  the  ohset  vatton  ol  Doelger  ainl  Ihescott'"  that  it, creasing  the 
magnesium  sullate  concentration  abtive  0  S  p  oer  I  p•.^v.  ^  ■ 

. . .  '>ave  heen'  rtlCufAheZS:: 
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content  of  the  salt  used.  Likewise,  their  finding  that  substitution  of 
glucose  for  a  part  of  the  sucrose  in  the  niediuni  gave  reduced  yields 
may  be  explicable  on  the  basis  of  the  metal  content  of  the  sugars 
used. 

In  general,  the  results  in  the  literature  indicate  that  most 
workers  have  used  media  deficient  in  either  phosphate  or  metals.  It 
is  jJi'obable  that  Currie’s  original  success  in  obtaining  citric  acid 
production  by  Aspergilli  was  due  to  his  belief'®  that  the  trace 
elements  ustially  added  to  growth  media  were  not  necessary.  Currie 
used  a  medium  apparently  containing  ample  phosphate.  He  found 
that  the  addition  of  1  or  2  mg  of  iron  per  1  increased  his  yields 
slightly,  but  that  there  was  no  decrease  in  yield  even  at  20  mg  iron. 
Since  no  zinc  or  manganese  was  added  to  any  of  his  media,  it 
appears  probable  that  deficiencies  in  these  metals  were  responsible 
for  his  success.  Butkevich  and  Timofeeva"  used  a  medium  which 
contained  11  mg  zinc  and  10  mg  iron  per  1  and  thus  was  not 
deficient  in  these  elements.  Manganese  was  neither  added  nor 
determined.  They  were  able  to  obtain  good  yields  by  making  the 
medium  deficient  in  phosphate,  or  in  phos]:)hate  and  nitrogen. 
Most  other  workers  have  been  unable  to  increase  yields  by  nitrogen 


deficiency  unless  the  original  nitrogen  content  was  so  high  that  an 
inordinate  amount  of  sugar  was  utilized  in  the  synthesis  of  my¬ 
celium.  They  were  also  able  to  increase  yields  by  production  of  a 
sulfur  deficiency.  Chrzaszcz  and  Peyros""  found  iron  to  increase 
yields,  but  zinc  to  reduce  yields.  Apjiarently  the  iron  content  of 
their  unsupplemented  medium  was  so  low  that  the  ojitimal  iron  and 
zinc  deficiency  was  obtained  only  with  added  iron.  They  found  a 
great  difference  between  strains  with  regard  to  the  effect  of  iron. 
Kovats,-®  using  a  medium  containing  an  excess  of  phosphate  and 
tap  water,  found  that  iron  decreased  his  yields,  but  that  zinc  had 
no  effect.  Quilico  and  Di  Capua'‘°  found  that  0.65  mg  iron  per  1 
reduced  the  yield  to  one-tenth  of  that  obtained  without  iron. 
Giordan i""  also  found  that  iron  reduced  yields.  In  both  of  these 
investigations,  ample  phosphate  was  jiresent.  Forges,""  however, 
found  that  addition  of  iron  was  beneficial.  For  submerged  fer¬ 
mentation,  Karow  and  Waksman"-  added  zinc  and  manganese  to 
their  low  jjhosphate-medium,  but  did  not  investigate  the  effect  o 
iron.  Schweiger  and  SnelP"’""  used  a  low-phosphate  medium  for 
submerged  fermentation  and  stated  that  the  iron  content  must  not 
be  more  than  1  mg  per  1.  Even  with  this  amount  of  iron,  zinc  must 
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l)c  added  to  “counteract  the  ettect  ol  iron  on  cell  inorjjhology.” 

Recently,  Moyei  descril)ed  a  novel  aj)proach  to  the  j)robleni. 
He  included  1  to  (v/v)  rnethancjl  in  his  media  and  rejjorted 

good  citric  acid  yields  in  submerged  cidture  studies,  with  increased 
>olerance  of  A.  niger  tcj  zinc,  iron,  and  manganese.  Methancil  does 
not  appear  to  be  metabolized  and  the  best  concentration  is  slightly 
toxic.  Both  molasses  and  gluccjse  media  were  studied. 

It  seems  jtrobable  that  the  reasc^ns  Icji  the  divergent  results 
obtained  by  different  investigators  are  due  in  part  to  differences 
in  metal  requirements  among  strains  and  to  variations  in  the  known 
and  unknown  constituents  of  media  used.  For  example,  if  iron  were 
present  (as  an  impurity)  in  a  medium  at  a  level  too  high  to  give 
optimal  citric  acid  accuimdation,  addition  ol  iron  would  be  harm- 
lul.  If  only  very  small  amounts  ol  irc^n  were  j^resent,  additicjn  of 
iron  would  be  beneficial.  If  relatively  large  amounts  of  both  iron 
and  zinc  were  present,  and  citric  acid  accuimdation  were  brought 
about  by  phosphate  deficiency,  addition  of  iron  would  have  no 
effect.  If  citric  acid  accumulation  were  brought  about  by  a  multiple 
deficiency,  the  behavior  on  addition  of  one  nutrient  woidd  be 
difficult  to  interpret,  especially  if  the  nutrient  varied  (for  example, 
ammonium  nitratei  were  contaminated  with  trace  metals. 


COMMERCIAL  PRODUCTION  OF  CdTRlC  .ACID 
Use  of  Crude  Carbohytirates  as  Carlion  Sources 

ft  IS  ajqiarent  from  the  preceding  discussion  of  the  necessity 

lor  a  deficient  medium  for  citric  acid  iiroduction  that  the  use  of 

crude  carbohydrates,  containing  large  amounts  of  various  nutrients 

would  present  difficulties.  The  crude  carbohydrate  sources  which’ 

have  received  attention  are  beet  molasses,  cane  blackstrap  molasses 

am  cane  invert  molasses.  Most  success  has  been  obtained  with  beet 
molasses. 

il  IS  olten  (iitticiU  t„  detennine  lr„in  ihe  |>ul>iisl,«l  work  oti 
|n<, lasses  n.cd.a  the  cype  of  <lel,<  ie,Hy  l„  whiel,  <  i„  ic  a<  i<l  acrunn.la- 
■>,,  .s  due  In  ...any  eases,  however.  ,l,e  type  „l  deK<  ieney  achieved 
s  <  hv,„us.  ho,  example,  Quili,,,  and  l)i  Capua-  used  heel  molasses 
silhoul  ueatmem  to  remove  metals.  Ihev  loimd  that 

:::;±  . . «...  oh.ai„e<i  whe;;';;;::;, 

.  -%  mo.mpotass.um  phosphate  tvtis  ad, led  to  the  medimu  ||  ,1,,. 

""'■-I''"—'  <.mte„t  was  raised  ,o  .1,1%,  yields 
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reduced  several  lold.  11  the  total  phosjjhonis  content  ol  the  molasses 
used  is  regarded  as  being  available  to  the  mold,  the  total  ellective 
moncjjiotassium  j)hos])hate  content  was  ajjproximately  0.03%,  a 
value  in  good  agreement  with  the  j>hosphate  levels  louncl  optimal 
by  investigators  using  j^urified  sugars  in  phosj)hate-deficient  media. 
Perlman,^'*  working  with  a  lerrocyanicle-treated  beet  molasses,  found 
tliat  yields  were  reduced  manylolcl  when  jjhosphate  (0.29  g  HaPOi 
per  1)  was  added  to  the  medium.  I'he  inorganic  }jhosphorus  content 
ol  the  mcjlasses  he  used  was  0.0295  g  per  1  ol  medium,  but  the  total 
phosphortis  was  mtich  higher,  0.14  g  jjer  1  ol  meditim.  I'he  phos- 
j)hate  content  ol  the  medium  used  in  the  German  citric  acid  jdant 
at  Ladenburg,’  which  used  beet  molasses,  was  rigidly  controlled,  and 
the  phosphate  concentration  was  reali/.ed  to  be  ol  great  importance. 
T  he  amount  ol  phosphoric  acid  used  depended  on  the  phosphorus 
content  ol  the  molasses  being  used  and  the  medium  apparently  was 
lield  at  a  level  ecpaivalent  to  approximately  0.3  g  monopotassium 
phosjdiate  per  1.*^  Ferrocyanicle  was  also  used.  Kovats,^**  using  un¬ 
treated  beet  molasses,  louncl  that  addition  ol  jdiosphate  lowered  the 
yields. 


It  is  thus  evident  that  beet-molasses  lernientations  may  some¬ 
times  be  successlidly  carried  out  by  making  the  medium  phosphate 
deheient.  In  most  cases,  however,  aj^parently  metal  deficiencies,  or 
combined  metal  and  phosphate  deficiencies  have  been  used.  Metal 
deficiency,  in  molasses  fermentations,  may  be  brought  about  by 
treatment  with  ferro-  or  ferricyanide,  l)y  cation-exc hiinge  pioccsscs, 
or  pcxssibly  by  adsorbents,  d'he  most  usuaf  method  ol  reducing  the 
metal  content  ol  beet  molasses  before  fermentation  is  by  treatment 
with  potassium  ferrocyanicle."'"-'’  Tlie  usual  procedure  is  to  deter¬ 
mine  for  each  lot  ol  molasses  the  optimum  amount  ol  lerro-  or 
lerricyanide  by  determination  ol  the  yield  ol  citric  acid  as  a  function 
ol  treatment  level.  I'he  pH  at  which  the  treatment  is  carried  out 
is  also  important.  liernhauer,  Rauch,  and  Ciross"  louncl  pH  5.8 
to  be  optimal;  Cierhardt,  Dorrell,  and  Baldwiir"  olitained  best 
results  between  pH  fi  and  pH  8;  at  the  Laclenliurg  works"  a  pH  of 
7.5  was  used;  and  in  a  (ierman  plant  at  fngelheim,«  a  pH  of  0  to 
b.5  was  employed. 

It  is  likely  that  the  chiel  ellect  of  ferrocyanicle  is  to  reduce 
iron  content  ol  the  niolasbcs  to  a  |)oint  where  citric  acid  accnnn.la- 
lion  through  iron  deficiency  hecoines  possilile.  licrnhanci  el  «  ■ 
found  that  addition  of  iron  to  ilie  trealeil  .nedinin  in  an  anioun 
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sufficient  to  restore  the  original  iron  content  resulted  in  very  j)Oor 
citric  acid  yields.  It  is  jjossible,  however,  that  lerrocyanide  also 
retluces  the  content  of  other  metals  to  a  level  corresponding  to  a 
deficiency  ojjtimal  lor  citric  acid  jjroduction. 

''  Cationic  exchange  has  also  been  used  to  reduce  the  metal 
content  of  beet  and  cane  molasses  for  citric  fermentation.  Perlman, 
Kita,  and  Peterson^”  were  able  to  obtain  yields  uj)  to  42%  on 
invert  molasses  after  treatment  Avith  cationic-exchange  sidjstances. 
Their  medium  Avas  not  deficient  in  phosjjhate.  Karow  and  Waks- 
man,^^  using  a  jjhosphate-deficient  medium  and  submerged  fer¬ 
mentation,  found  ion  exchange  increased  citric  acid  yields  on  invert 
molasses.  WoodAvard,  .Snell,  and  Nicholls’"  conditioned  invert 
molasses  lor  citric  fermentation  through  removal  of  iron  by  ion- 
exchange  resins.  .ScliAveiger  and  SnelP'*  ''”  describe  a  citric  acid  fer¬ 
mentation  jjrocess  (submerged  fermentation),  using  a  Ioav  phosphate 
medium,  in  which  ion  exchange  is  used  to  remove  iron  from 
molasses. 

.Adsorbents  have  also  been  used  to  jAurify  molasses  for  fer- 
mentatic)!!,  but  hav'e  not  been  as  successful  as  ion  exchange  and 
ha\'e  the  disadA'antage  of  high  cost.  1  he  most  successful  methods 
foi  fei mentation  of  beet  molasses  hav'e  been  lerrocyanide  treatment, 
often  combined  with  phosphate  deficiency.  Oxalic  acid  formation 
IS  more  likely  to  jnove  a  problem  than  in  the  case  of  synthetic 
media,  jnobably  because  of  defective  achievement  of  optimal 
deficiency  conditions.  For  cane  invert  molasses,  lerrocyanide  treat¬ 
ment  has  been  successful,=^«  but  no  study  has  been  made  of  the  effect 

ol  jdiosphate  deficiency  in  combination  with  lerrocyanide  treat¬ 
ment. 


(  oiiiiiiereial  Surface  Fermentation 

I 'mil  very  reecmly,  all  citric  aciti  |.ro<l„cti<,n  was  by  ,„eai,s  ol 
the  sttrlaco-ct.lture  ntethod.  It  appears  probable  that  sttbittereetl 
ui  title  will  laigcly  sii|.plam  it  iii  the  liitiire.  The  chief  rarho- 
hyilrate  source  is  beet  molasses,  although  some  cane  molasses  has 
also  heeti  iiseil.  Details  of  the  processes  used  iiultistriallv  are  not 
ciniilged.  and  patent  inlormatioti  is  of  doubtful  value  becitise 

cinir  r  'Tr‘'  ''“'S"”'  ‘o  not  nianulacttiring 

nt  ,c  ac  id  and  bec  ause  ol  the  well-known  prac  tice  of  disc  losing 

ittle  inlo.niation  as  possible  in  a  patent.  The  unwary  reader  ol  the 
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patent  literature  miglit  conclude  that  there  were  any  number  of 
commercially  [)racticable  jjrocedures  for  obtaining  high  yields  of 
citric  acid  Irom  crude  carbohydrate  materials.  The  fact  that  until 
very  recently  only  one  company  in  the  United  States  jnoduced  citric 
acid  by  fermentation,  however,  indicates  tliat  efhcient  commercial 
j)rocesses  are  not  plentiful. 

The  procedures  used  by  two  commercial  citric  acid  plants  in 
Ciermany  have  been  described,  d'he  processes  certainly  do  not 
apjjear  ojjtinial,  jjarticularly  from  a  microbiological  standpoint, 
but  a  description  of  them  is  ol  unicjue  value  because  it  constitutes 
the  only  pid)lishecl  information  concerning  actual  commercial  citric 
acid  fermentation  processes. 

rhe  process  in  use  at  the  Benckiser  works  at  Laclenburg  has 
been  most  completely  described. I'he  [jlant  began  operating 
ordy  in  fanuary  1915  and,  because  of  wartime  conditions,  was 
never  operated  at  its  hdl  capacity  ol  6,000  to  10,000  kg  ol  calcium 
citrate  a  day.  It  produced' crude  calcium  citrate,  which  was  to  be 
shijjped  to  Ludwigshalen  lor  conversion  to  citric  acid.  I  he  plant 
for  conversion,  however,  was  not  finished  before  the  German 
collajise.  I’he  Laclenburg  j^rocess  was  apparently  based,  to  some 
extent,  on  that  of  the  iMontan  unci  Industrialwerke,  at  Kasnejov 
near  Pilsen.  T  he  strain  of  A.  niger  used  was  one  improved  by  selec¬ 
tion  from  a  culture  ol)tainccl  from  Hernhauer.  Spores  grown  on 
molasses  agar  were  used  as  inocidum.  Beet  molasses,  containing  48 
to  50%  sugar,  preferably  from  plants  in-oducing  raw  sugar,  was  used. 
Each  lot  of  molasses  was  analy/ed  for  iron,  phosphorus,  and 
nitrogen.  A  series  of  laboratory  fermentations  was  run  on  each  lot 
of  molasses  to  determine  the  optimum  amount  ol  phosphoric  acid 
to  be  added.  Laboratory  tests  also  determined  the  amount  ol 
ferrocyanicle  to  be  used,  d  here  is  some  disagreement  among  the 
various  accounts"’^  regarding  the  procedure  used  in  preparing  the 
molasses  for  fermentation.  4'he  molasses  was  diluted  to  30% 
suuar  adiusted  to  neutrality  with  sulfuric  acid,  treated  with  lei- 
locyanide  and  phosphoric  acid,  heated  at  lOO^C  for  sterili/ation, 
and  diluted  to  15%  sugar  for  fermentation.  The  amount  ol  phos¬ 
phoric  acid  added  was  sufficient  to  bring  the  VXh  content  ol  the 
molasses  to  at  least  0.02%.  I'he  treated  molasses  was  then  run  into 
the  fermentation  pans.  Ehere  were  20  fermentation  chambers,  each 
containing  80  aluminum  trays  ol  2  X  2.5  m  size  and  15  cm  c  l- 
lUey  we."  filled  .o  a  de,,.h  ol  8  wi.h  the  dilated  n.olasses. 
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inoculated  l)y  means  ol  sjjores  blcjwn  in  witli  tlie  air  supj^ly,  and 
incubated  9  to  1 1  days  at  .HO^C.  Tlie  mold  mats  were  removed  by 
hand  and  extracted,  15%  ol  the  total  yield  being  obtained  Iroin  the 
washings.  The  lermentation  licjuor  was  heated,  treated  with  calcium 
.yxide  to  j)H  8.5,  and  the  precijjitated  crude  calcium  citrate  filtered 
oft. 

t  he  air  supply  lor  the  lermentor  chandlers  was  “sterili/ed”  by 
passage  through  a  cotton  filter,  2  in.  thick  impregnated  with  salicylic 
acict,  then  jiassed  through  a  water  spray  and  heaters  to  bring  it  to 
■10%  humidity  at  80°C.  Air  Avas  supplied  to  the  lermentation 
chambers  at  the  rate  ot  one  volume  of  air  per  volume  of  medium 
every  4.8  minutes. 

The  fermentation  chambers  were  sterili/ed  by  washing  with  1  % 
caustic  soda,  then  with  water,  then  with  (i%  formaldehyde.  Finally, 
sullur  dioxide  was  lilown  into  the  chambers  with  the  air  stream. 

1  he  weakest  feature  ol  the  jirocess,  if  availafile  accounts  are 
reliable,  appears  to  be  the  inadecpiate  provisions  for  sterilization 
and  asepsis.  Alter  cooking,  the  molasses  medium  was  cooled  by 
dilution  with  well  water.  The  air  supply  was  certainly  not  sterile 
and  apparently  it  was  usual  lor  operators  to  enter  the  fermentation 
chambers  during  the  jnogress  of  the  lermentation.  It  is  claimed, 
howe\ei,  that  very  little  trouble  Irom  contamination  was  ex¬ 
pel  ienced.  It  might  be  expected  that  il  an  organism  capable  of 
competing  with  A.  niger  under  the  environmental  conditions  used 
once  became  established,  it  would  be  extremely  difficult  to  eliminate. 

4'he  yield  claimed  was  70%  of  the  added  sugar  as  recovered 
yield  ol  citric  acid,  presumably  monohydrate.  This  yield,  if  re¬ 
liable,  certainly  aiipears  to  reflect  excellent  fermentation  and  re¬ 
covery  procedures. 

Aiiolhcr  (.ennan  |,laiu  (in  which  data  an-  availahle"  is  that  ol 

-  .  lloenngei  Sohn,  at  Ingelhoin  on  the  Rhine.  Tlie  onlv  in 

thtatnni  ol  the  ea|ia(ity  ol  the  plant  is  that  there  were  twelve  ler 

mentatton  thatnhers,  some  containing  10(1  trays,  some  72,  and  some 

jT  riie  days  were  2  X  2.5  m  in  sire  and  12  cm  tleep.  They  were 

ol  steel,  hrnsh.painted  with  a  rnhlier-containing  lactnier.  \lain. 

teminee  costs  were  said  to  he  heavy.  I  lie  plant  h'egan  lenncnft'tive 
production  ol  citric  acid  in  |c«8-,W  ^  "cntatitc 

'i”'  . . 

,»b«.  N.  I.,  I, 
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molasses  was  below  ().().S%.  CloiUamiiiaiion  was  aclmittecl  to  be  a 
major  problem.  In  this  plant,  the  mold  mat  was  not  handled 
separately,  but  was  broken  up  aiul  run  out  ol  the  pans  with  the 
lermentation  litpioi.  (kdtium  titrate  was  precipitated  at  neutrality 
lor  $  to  d  hours  at  80°  to  90°Ck  filteretl  olt  in  a  filter  press,  and  con¬ 
verted  to  citric  acitl  by  the  addition  ol  \%  excess  ol  sulluric  acid. 
.Vctivated  carbtm  anti  lerrocyanitle  (lor  removal  ol  iron  Irom  the 
product)  were  atltletl,  the  calcium  sullate  removed  in  a  filter  press, 
and  the  litpior  concentrated  in  vacuum  pans  at  40°  to  45°C,  lanolin 
being  usetl  as  an  antiloam  agent.  Alter  concentration  to  about  800 
g  per  1,  the  litjut)r  was  jilacetl  in  agitated  crystallizers  cooletl  with 
well  water.  I'he  crystalline  protluct  was  recovered  in  centrilugal 
separators,  anti  recrystal lizetl  once.  Mother  liquor  Irom  the  first 
crystallization  was  again  evaporatetl  anti  crystallized.  I'he  ler- 
nientation  yields  were  saitl  to  be  00%,  ol  which  10%  was  lost  in 


recovery. 

In  these  plants,  the  metlium  used  was  evitlently  one  tleficient  in 
phosj)hate  anti  iron.  Data  on  the  manganese  content  ol  the  metlium 
anti  on  the  eftect  ol  lerrocyanitle  treatment  on  the  manganese 
content  would  be  ol  interest.  From  information  available  in  the 
literature,  it  is  difficult  to  conclude  what  types  ol  tleficiencies  are 
likely  to  be  leasible  in  beet-molasses  lermentations.  Both  simple- 
j)hosphate  deficiency'**  and  deficiency  in  both  phosphate  and  metals 
have  been  usetl.  Lack  ol  tlata  on  the  phosphate  content  ol  the 
molasses  samples  usetl  makes  it  difficult  to  determine  whether  metal 
tleficiencies  alone  have  been  successlully  usetl,  but  in  all  jjrobal)ility. 


such  a  procetlure  is  possible. 

No  successlid  surface  fermentations  have  been  reported  in 
which  cane  molasses,  either  blackstrap  or  invert,  has  been  usetl  as 
the  carbohydrate  source.  Whether  the  explanation  lies  in  the  metal 
or  in  the  phosphorus  content  ol  the  molasses  is  diffictdt  to  tletermine 
Since  cation-exchange  procetlures  have  been  shown  to  improve  tht 
yieltls  Irom  such  molasses,-'^”’**  it  is  certain  that  at  least  a  part  of 
the  difficulty  lies  in  its  metal  content. 


Commercial  Suhmcrgctl  Fermentation 

In  many  aerobic  lermentations,  such  as  the  production  of 
gluconic  acid,  petucillin,  and  ridollavin,  ll.e  a.lva.uages  of  sn  c 
merged  culture  over  surface  culture  are  so  obvious  anti  so  tvcl 
known  that  they  need  n<,t  be  tlisti.ssed  in  detail.  An.ong  them  ate 
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lower  labor  cost,  higher  yields,  shorter  time  cycle,  simpler  operation, 
and  easier  maintenance  of  asepsis  under  industrial  conditions. 
T  hese  advantages  can  be  reali/ed  by  submerged  ojjeration  of  the 
citric  fermentation  oidy  with  a  jjrocess  by  means  ol  which  crude 
(^arbohydrate  sources,  in  high  concentrations,  can  be  rapidly  con¬ 
verted  to  citric  acid  in  equij>ment  that  is  not  unreasonably  exjjensive 
because  of  corrosion,  contamination,  and  metal-toxicity  j>roblems. 
I'hese  objectives  have  not  been  achieved  in  any  published  study.  A 
great  deal  of  jjrogress  has  been  made,  however,  and  a  new  citric  acid 
plant,  emj>loying  the  submerged-culture  process,  went  into  produc¬ 
tion  during  1951.’  It  is  j^ossible  that  better  j)rocedures  will  continue 
to  be  developed. 

The  first  sid)mcrged  culture  giving  good  yields  was  described 
by  Sziics.®”  He  used  pure  sucrose.  I'he  mycelium  was  grown  on  a 
medium  apjxirently  jdiosphate  deficient  (0.8  g  monopotassium  phos¬ 
phate  per  1),  atid  the  mycelium  transferred  to  a  new  medium  con¬ 
taining  no  phosj)hate,  on  which  the  citric  acid  was  produced.  The 
growth  phase  required  8  days,  and  the  citric  acid  forming  phase  4 
days.  The  cultures  were  incubated  at  25°C  with  agitation  and 
under  oxygenation  with  pure  oxygen.  In  a  later  patent, Sziics 
described  a  modified  jnocedure.  Air,  rather  than  oxygen,  was  used 
for  aeration  and  a  single  medium  was  emjjloyed.  T  his  was  phos¬ 
phate  deficient  (0.15  g  monopotassium  j)hosphate  per  1)  and  con¬ 
tained  IfiO  g  j)ure  sucrose  per  1.  Dried  skim  milk  was  added  to  the 
medium  at  a  level  of  0.5  g  per  1.  A  yield  of  92%  is  claimed,  the 
leimentation  icHjuiring  9  days.  The  great  improvement  in  the 
fermentation  brought  about  by  the  skim  milk  may  perhaps  be 
attributed  to  removal  of  trace  metals. 

The  long  fermentation  time  and  the  need  for  crystalline  sugars 
make  the  Sziics  procedure  of  doubtful  commercial  importance  The 
pmce<l,„e  „f  Shu  and  |oh.uon«  "  »  also  requhes  c>-y„„lli„e  Umar 
and  involves  a  long  fermentation  time,  although  the  use  of  larger 
lennemors  in  place  of  shake  Masks  might  reduce  the  time  cL- 
sideialily.  Shu  and  [ohnson  used  iron.  zinc,  and  manganese  de¬ 
ficiency  111  place  ol  jihosphate  deficiency.  Their  medium' contained 
ample  phosphate,  hut  special  purification  procedures  were  neces- 
uiry  to  reduce  the  concentration  of  metals,  especially  manganese 
1  ey.  ol  course,  used  a  strain  of  .T  rngci  dillerent  from  that  u.sed  by 


lluelow  and  |ohnson-  ailapied  ihc  proceiliirei 


ol  Shu  and 
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Johnson  to  100-1  let  mentations  in  50-gal  glass-lined  tanks  to 
determine  the  aeiation  ie({iiirements  under  these  eonditions.  Yields 
ot  70  to  80  g  ol  anhydrous  citric  ac  id  per  100  g  added  sucrose  were 
obtained  trom  15%  sucrose  solutions  in  100  to  210  hours.  I'he 
lernientation  time  teas  decieased  when  the  ellective  aeration  rate 
was  increased. 


Martin  and  \Vaters‘““  employed  the  same  organism  as  the 
Whscc^nsin  wc:)rkers  in  studying  the  sidjinerged-culture  lernientation 
ot  crude  beet  molasses  on  the  laboratory  scale.  Mashes  were  pre¬ 
pared  by  diluting  the  molasses  to  12%  sugar,  adjusting  the  pH  to 
0.0,  sterilizing,  and  adding  jiotassium  lerrocyanide  and  monopotas¬ 
sium  jihosphate  su|.>plement.  I'he  levels  ot  terrocyanide  and  phos¬ 
phate  reejuired  varied  with  the  molasses  and  were  determined 
approximately  by  shake-llask  experiments.  Fermentations  were  con¬ 


ducted  in  tower-tyjje  lermentors  with  vigorous  aeration  tor  24  hours, 
then  vigorous  oxygenation  with  pure  oxygen  to  the  end  ot  the 
termentation  jjeriod.  t  he  highest  yield  was  72  g  ot  anhydrous 
citric  acid  trom  100  g  ot  available  sugar  in  70  hours,  these  sub¬ 
merged  citric  acid  lermentations  were  the  most  rajjid  that  have 
been  reported. 

Aspergillus  iceutii  is  used  in  the  submerged  termentation  proc¬ 
ess  ot  Karow  and  VV^aksman.'"-'-''’'’”  In  this  jMocedure,  as  in  the 
(Ji'iginal  procedure  cjI  S/iics,  a  growth  medium  and  a  tei mentation 
medium  are  employed — both  phosjjhate-dcticient  and  pine  oxygen 
is  used  tor  aeration.  Pure  sugars  are  used,  but  some  success  was 
obtained  with  treated  molasses.  Fhe  process  does  not  aiijicar  prac¬ 
ticable  because  ot  the  long  termentation  time  (8  to  10  days)  and 
the  need  tor  crystalline  sugar.  The  degree  ol  treatment  necessaiy 
tor  molasses  appears  commercially  unsuitable. 

Fhe  Miles  Laboratories^^'^''’’’*’  appear,  trom  the  results  claimed 
in  their  jxitents,  to  have  approached  a  commercially  teasible  sub¬ 
merged  process.  A  plant  to  use  this  process  has 'been  put  into 
operation  by  this  comiiany.^  From  the  jxitents,  it  is  seen  that  they 
use  a  medium  deficient  in  both  phosphate  and  iron.  Manganese 
may  also  be  deficient.  4  hey  are  able  to  use  invert  molasses  alter 
pretreating  it  with  a  cation  exchanger.  Fhey  also  claim  that 
Lldition  of  morpholine  is  beneficial.  However,  the  lei inentat.on 
period,  9  days,  specified  in  one  patent,  is  long.  Undoubtedly  then 

plant  lernientation  period  is  shorter. 

Moyer,"'"  using  methanol  as  a  supplement  m  coinmeicial 
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glucose  or  molasses  media,  appears  to  have  increased  the  tolerance 
of  A.  niger  to  zinc,  iron,  and  manganese.  Submerged-culture  studies 
were  made  in  flasks  and  in  stainless-steel  tanks.  A  citric  acid  yield 
ot  64.4%  on  the  glucose  consumed  was  rejiorted  lor  an  8-day 
lelnnentation,  using  a  medium  containing  per  liter;  I  14g  anhydrous 
glucose,  O.lg  Mgsb/7hLO;  ().3g  KHJ’Ch;  ().32g  Mg  (NO^yhH.O; 
1.8g  NH,N()«;  ().()44g  ZnS()/7H,0;  O.OIg  MnSO.MH.O;  and  ().25ml 
corn-steeji  liquor.  The  initial  pH  was  4.1.  I’o  this  medium,  2% 
methanol  (v/v)  and  2%  germinated  inocidum  were  added  at  the 
beginning  ol  fermentation. 

Sufficient  work  has  been  done  on  submerged-cidture  processes 
to  make  it  apj)ear  reasonable  that  commercially  feasible  proce.sses 
will  be  developed.  1  he  use  of  an  organism,  perhaps  an  induced 
mutant,  with  metal  requirements  so  high  that  deficiencies  are  readilv 
jnoduced,  or  of  an  organism  with  a  defective  enzyme  system  which 
would  accumulate  citric  acid  even  in  a  comjdete  medium,  is  cer¬ 
tainly  desirable.  Fermentation  times  can  jnobably  be  reduced  bv 
the  use  of  optimal  aeration  and  agitation  equipment.  The  use  of  a 
medium  on  which  relatively  heavy  growth  is  produced  would 
shorten  the  fermentation  time,  but  reduce  the  yield,  because  of  the 
large  amount  ol  sugar  carbon  converted  to  mycelium.  The  citric 
acid  lermentation,  since  it  is  less  subject  to  contamination  than 
most  commercial  aerobic  fermentations,  should  be  suitable  for 
continuous  ojx'ration.  Such  a  procedure  should  decrease  fernienta- 
tion  time  very  considerably. 


MKCHANISM  OF  CITRIC  ACID  FORMATION  BV  .MOLDS 
Ol  pnnie  iinpoi  tame  in  a  discussion  ol  ilie  niedianisin  of  citiic 
an<l  |nodu<,n,„  is  .hc  pe,ce,ua,.c  ol  susa.  <a,l,o„  .onvenible  ,o 
ui„c  acul  H, ghost  yiehls  shouki  ho  expected  on  a  teplacentent 
nied.tnn  where  no  sugar  carbon  wouhl  be  utili/ed  lor  ttroduction 
ol  n.ycehtnn.  However,  in  ,„ost  experitnents  ol  this  kind  the 
poss.ble  contnhtition  ol  inycelitil  carhohythate  to  citric  atiti  pro 
t  net, on  has  not  keen  controlletl.  In  experitnents  in  which  the  acid 
IS  produced  on  the  growth  nteditnn,  howeve,  anoroxiu  e 
non  ntay  be  ntade  lor  the  cat  bon  ol  the  tnyedi  ut  \  II  u'''"'' 
and  May»«  have  shown  it,  this  manner  tl  u  c  '■ 

the  carbon  ol  glucose  ap|,ears  as  citric  add  The*‘ 
obtained  by  calculation  Iron,  the  data  of  S  an  l  oh:::,  "7  " 
a  .nechantsn,  y.eld.ng  hve  out  of  six  carbons  as  ciJdc  appem.: 
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somewhat  improltable,  the  most  likely  mechanisms  are  tliose  yieldim 
1  mole  of  citric  acid  from  1  mole  of  glucose. 

Suggested  mechanisms  of  only  historical  interest  will  not  b 
discussed.  In  mechanisms  yielding  1  mole  of  citric  acid  from  1  mol 
of  glucose,  it  is  postulated  that  a  four-carhon  compound  condense 
with  a  two-carhon  compound,  usually  acetic  acid,  d  ims,  Raistrit' 
and  (dark^“  considered  acetic  acid  to  condense  with  oxalacetic  acic 
Chrzaszcz  and  d'iukow‘^  with  malic  acid,  and  hernhauer  an 
Siehenauger’  with  succinic  acitl.  However,  in  the  last  two  paper 
the  reactants  were  considered  to  he  produced  by  mechanisms  ii 
volving  carbon  dioxide  production.  1  he  choice  of  oxalacetic  acid  i 
the  four-carbon  compound  is  made  more  attractive  by  the  nioder 
work  on  the  tricarboxylic  acid  cycle. 

Claisen  and  Hori,'^  in  1891,  were  the  first  to  suggest  tlK 
liiological  citric  acid  formation  occurred  by  condensation  of  acet 
acid  and  oxalacetic  acid.  Raistrick  and  Clark"*^  postulated  th 
mechanism  for  the  formation  of  citric  acid  by  molds.  Althoug 
their  mechanism  did  not  involve  carbon  dioxide  productioi 
and  yielded  1  molecule  of  citric  acid  per  molecule  of  glucos 
it  was  not  until  the  modern  work  on  the  tricarboxylic  acid  cycle  i 
animals  and  on  carbon  dioxide  fixation®*'’  that  it  was  recognized  tl 
possible  mechanism  to  be  the  condensation  of  p\ruvic  acid  ar 
carbon  dioxide  to  give  oxalacetic  acid,  which,  in  turn,  condense 
with  acetic  acid,  or  a  derivative,  to  yield  citric  acid.  In  rough  ou 
line,  such  a  series  of  reactions  might  be  jiictured  as  follows: 


{;lucose 


1 

CHg'CO'COOH 
I'vruvic  acid 


ti()()(>c;M„*c;()*(^()ott 

Oxalacetic  acid 


Acetic  acid 


HOOC»CH/C  (OH)  •CH/t 


o  carried  out  surface  citric  acid  fermentatic 
ivy  carbon,  found  heavy  carbon  chieny 
1  groups  of  the  citric  acid  jirodticcd  althout 
the  secondary  carboxyl  group.  This  is  co 


COOH 
Citric  acid 


in  the  presence  of  heavy  carbon,  C  ,  lound 
the  terminal  carlxtxyl  groups  of  the  citric 
some  was  itreseiu  in  the  secondary  carl.os 


El-Kcrdany,’®  who  carric 


This  is  CO 
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sistent  with  a  inechaiiisiii  involving  carbon  dioxide  njitake,  but 
unfortunately,  tlie  ratio  between  the  isotope  content  of  the  citric 
acid  and  that  of  the  fermentation  carbon  dioxide  was  not  de¬ 
termined.  ^lartin,  Wilson,  and  Burris,^'  woiking  with  mycelial 
pq^llets  produced  in  sid)merged  culture,  lound  that  in  the  j)resence 
of  radioactive  carbon  dioxide,  labeled  carl)on  appeared  approxi¬ 
mately  equally  in  all  carboxyl  groups  of  the  citric  acid.  The  amount 
of  labeled  carbon  incorporated  was  O.lti  to  0.33  carbon  atoms  per 
citric  acid  molecule.  The  small  amount  of  incorporation  can  be 
explained  by  the  probable  greater  dilution  of  the  isotopic  carbon 
dioxide  in  the  cell  than  in  the  medium.  The  jjresence  of  radioactive 
carbon  in  the  secondary  carboxyl  group  is  exjdained  by  the  authors, 
suggesting  that  the  oxalacetate  formed  from  jjyruvate  by  carbon 
dioxide  fixation  undergoes  reversible  conversion  to  fumarate  or 
other  symmetrical  compounds. 

Weinhouse  and  Lewis®®  found  that  carboxyl-labeled  acetate 
was  incorporated  into  citric  acid  formed  by  A.  niger.  As  in  previous 
experiments  with  yeast  from  the  same  laboratory,®®  it  was  found 
that  the  terminal  carboxyls  of  the  citric  acid  had  approximately 
three-fourths  the  sjjecific  activity  of  the  carboxyl  group  of  added 
acetic  acid,  while  the  secondary  carboxyl  group  had  about  half  the 
s].)ecific  activity  ol  the  acetate  carboxyl.  This  is  a  strong  indication 
that  the  citric  acid  was  formed  by  condensation  of  the  added  acetate 
with  oxalacetate  arising  Irom  oj^eration  ot  the  citric  acid  cycle. 
T  he  experiments  thus  indicate  the  occurrence  of  the  citric  acid 
cycle  in  A.  niger.  However,  under  conditions  where  citric  acid  ac- 


cmmdates,  the  cycle  is  manilestly  not  operative.  Thus,  the  experi¬ 
ments  were  probably  performed  on  mycelium  not  sufficiently 
deficient  to  bring  about  citric  acid  accumulation. 

If  it  is  concluded  from  the  experiments  of  WTinhouse  and 
Lewis  that  a  citric  acid  cycle  exists  in  A.  niger  and  from  the  ex¬ 
periments  of  El-Kerdany  and  of  Martin  et  al.  that  oxalacetate  arises 
from  carbon  dioxide  and  pyruvate,  the  only  further  necessary  as¬ 
sumption  is  that  in  mycelium  sufficiently  deficient  to  accumulate 
citiic  acid,  the  en/ymes  necessary  to  metabolize  citrate  through  the 
cycle  or  otherwise  are  only  slightly  active.  In  the  interpretation  of 
experiments  involving  carbon  dioxide  uptake,  due  consideration 
must  be  given  to  the  fact  that  carbon  from  carbon  dioxide  bv 
equilibration,  will  often  find  its  way  into  compounds  the  formation 
of  which  does  not  involve  obligate  carbon  dioxide  uptake  \n 
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example  is  the  accimiulalion  ol  lal)eled  glycogen  in  animals  in  th 
presence  ol  labeled  carbon  dioxide,  d'be  inccjrporation  of  labele* 
carbon  Irom  carbon  dioxide  into  citric  acid  does  not  constitut 
iinet|nivocal  evidence  that  carbon  dioxide  is  a  normal  intermecliat 
in  citric  acid  lormation.  However,  some  mecbanism  similar  to  th 
one  sketched  before  seems  to  be  the  most  probable  mode  cjf  citri 
acid  formation  in  A.  niger. 


RE\  lEWS 


Many  excellent  reviews  on  the  citric  acid  fermentation  bav 
ajjpeared.  A  more  complete  discussion  of  some  of  the  points  onl 
briefly  considered  here  will  be  lonncl  in  a  ntnnber  of  them.  A 
earlier  review  is  the  jjajx*r  by  Wells  and  Herrick.”'^  Later  review 
ajjjjear  in  the  j)id)lications  by  von  Loesecke,"®  Eoster,'”  Perlman,* 
Prescott  and  Dnnn,®®  and  Walker.^® 
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CHAPTER  14 


GLUCONIC  ACID 

L.  A.  Underkofler 


Gluconic  acid  is  ihc  pcntahydroxy  acid  which  results  Ironi  tin 
oxidation  ot  the  sugar,  glucose; 
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hulusliial  niaiuilaclurc  cl  gluconic  aciil  is  |uincipally  lor  the  pro: 
.luctio.i  ol  tite  calciun,  salt  which  is  ttsctl  as  a  phanuateuucal 
Recently*'”  the  use  ol  sodium  gluconate  has  been  suggestet  « 
prevcm  nrccipittitioti  .tl  salts  Irotn  tituitral  wtttcrs  whet,  causlu 
;„<la  is  athlecl.  Utis  , night  lead  to  a  huge  tna.ket  sn.ee  st.d.  ns. 
would  inevet.t  scale  lo....atio..  in  a,.t,....a.ic  e.|...|....e..t,  such  a. 
bottle-washing  machines. 
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The  production  of  gluconic  acid  by  luiciobial  oxidation  of 
glucose  was  first  reported  i)y  Boutroux,’  in  fHHO.  He  found  that  a 
culture  of  Acetobacter  aceti  (designated  Mycoderma  aceii  l)y  Bxni- 
troux)  jjroduced  a  nonvolatile  acid  from  glucose  which  he  first 
il^ught  was  lactic  acid,  but  later  identified  as  gluccjnic  acid.  In 
1887,  Boutroux"’  rejjorted  that  other  species  of  acetic  bacteria  also 
jjroduced  gluconic  acid.  Subsecpiently,  many  other  investigators 
have  reported  the  production  cjI  gluconic  acid  and  ketogluconic 
acids  (Chapter  1  of  Volume  II)  by  various  s[)ecies  of  bacteria  and 
several  patents  have  been  granted  lor  the  bacterial  production  ot 
gluconic  acid.  These  will  be  discussed  later. 

The  production  of  gluconic  acid  by  mold  oxidation  was  appar¬ 
ently  discovered  by  MolliarcP’  and  reported  in  1922.  1  his  acid  was 
produced  by  a  strain  of  Aspergillus  niger  (designated  Sterignia- 
tocystis  nigra  by  Molliard)  in  a  medium  cciutaining  sucrose.  Molliard 
made  some  attenijjts  to  develop  ojjtimum  conditions  lor  the  ler- 
mentation.^® 


About  the  same  time,  Bernhauer,'^  while  studying  acid  produc¬ 
tion  by  Aspergillus  niger,  discovered  a  strain  which  produced 
gluconic  acid  in  high  yields  when  cultivated  on  glucose  in  the 
presence  of  calcium  carbonate.  In  a  series  ot  investigations,  Bern- 
hauer®-*  ”  discovered  conditions  favoring  the  production  of  gluconic 
acid.  He  rejjorted  that  media  low  in  nitrogen,  producing  thin  mats 
and  incubated  at  low  temperature,  favored  the  production  of 
gluconic  acid,  while  media  high  in  niti'ogen,  producing  abundant 
mycelial  mats  and  incubated  at  relatively  high  temperature,  lav'oi'ed 
the  piocluction  of  citric  acid  rather  than  of  gluconic  acid.  Based  on 
this  work,  Bernhauer  and  SchulhoP  patented  a  two-stage  process. 
A.  niger  was  cultured  on  a  nutrient  medium,  such  as  one  containing 
sugai,  pejjtone,  monojiotassium  phosjihate,  magnesium  sulfate,  and 
calcium  chloride.  The  developed  mycelial  mat  was  then  used  for 
oxidizing  an  alkaline  glucc^se  solution  in  the  absence  of  nutrient 
salts  and  the  salt  of  gluconic  acid  was  recovered. 

An  extensive  study  of  the  gluconic  acid  fermentation  was  con¬ 
ducted  over  a  jieriod  of  years  by  workers  of  the  United  States 
Deiiartment  of  Agriculture,  beginning  about  192(i.  This  work  will 
be  chsa.ssed  in  some  detail  since  the  industrial  exploitation  of 
gluconic  acid  fermentation  was  based  on  this  research. 
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MECHANISM 


The  conversion  ol  glucose  to  gluconic  acid  is  a  siinjde  oxidatioB 
ol  the  aldehyde  group  ol  the  sugar  to  a  carboxyl  group.  This  chang'» 
is  about  as  simple  a  translorination  as  a  microorganism  can  product 
in  a  hexose.  d'his  is  jjiobably  about  the  only  carbohydrate  trans 
lormation  t  arried  out  by  l  ungi  whit  h  is  delmitely  and  I  idly  luitlei 
stootl. 

just  8  years  alter  Molliartl  reported  gluconic  acid  in  A.  nige 
cultures,  Muller^^'^'*  '''^’^*’  tliscovered  a  cell-lree  enzyme  preparatioi 
which  promoted  the  uj^take  ol  molecular  oxygen  tluring  gluconi 
acid  lormation.  He  nametl  the  enzyme  glucose-oxidase.  Followim 
Muller’s  work,  Ehanke  anti  coworkers'®'‘““"  studied  the  enzyme  ii 
considerable  biochemical  detail.  Midler  and  Franke  obtained  anc 
concentrated  the  enzyme  Irom  the  press  juice  of  A.  uiger  mycelium 

Later,  it  was  discoveretF^  '-^”'^^  that  a  jmwerlul  antibiotic  ageni 
variously  designated  as  nf)tatin,  Penicillin  B,  and  jjenatin,  which  wa 
present  in  culture  filtrates  Irom  Penicilliinn  notatum  and  othe 
lungi,  was  identical  with  the  gluct)se-oxidizing  enzyme  ol  Muller. 

The  enzyme  is  a  llavoprotein'^  which  can  be  resolved  int 
inactive  protein  and  the  ribollavin  prosthetic  group,  identified  a 
an  alloxazine-adenine  dinucleotide  by  Keilin  and  Har tree. 
d'he  enzyme  apparently  is  not  an  oxidase  in  the  classical  sense,  but  i 
rather  a  dehydrogenase  capable  ol  oxidizing  glucose  to  gluconic  aci« 
independently  ol  oxygen,  il  a  suitable  hydrogen  acceptor  is  present 
18.19,20  Thereiore,  the  name  glucose  aerodehydrogenase  is  now  usee 
denoting  dehydrogenation  activity  with  the  ability  to  utilize  oxygei 
as  a  hydrogen  acceptor. 

Idle  enzyme  promotes  the  conversion  ol  glucose  to  glucom 
acid,  with  the  simultaneous  uptake  ol  one  atom  ol  oxygen.  On 
mole  of  hydrogen  peroxide  is  lormed  per  mole  ol  sugar  oxidizec 
14,31  ']’Pe  stoichiometric  relations  lor  this  reaction  have  been  showi 


to  be 

CH/m-  (C;h()H),c:h()  +  n.o  +  (),— ^  cifiOH-  (cuou)sxnm  +  h.o. 
The  formation  of  the  hydrogen  j>eroxide  can  be  demonstrated  onl 
with  the  i)ure  enzyme  itself.  With  living  cells,  the  presence  o 
catalase  destroys  the  hydrogen  peroxide,  so  that  the  over-all  reactioi 

becomes 

The  antibacterial  action  of  notatin  dc|)ends  on  the  picsence  0 
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glucose  and  oxygen;  it  is  the  torniation  of  liyclrogen  pei'oxitle  by 
iiotatin  which  accounts  for  the  powerlul  antibiotic  activity  of  the 
en/ynie.'^'^*’  The  enzyme  itself  is  devoid  ol  antibactei  ial  action. 

I'he  glucose  aerodehydrogenase  is  cjuite  specific  in  its  action 
glucose. With  a  virtually  pure  enzyme  preparation,  man¬ 
nose  and  xylose  were  the  only  other  sugars  or  biological  substances 
oxidized  and  these  at  a  rate  which  was  only  about  1%  that  of 
glucose.'^ 

A  review  of  the  methods  cjI  isolation,  j>roperties,  and  mechanism 
of  action  of  the  glucose  aerodehydrogenase  is  given  by  Foster.’^ 

BACl TRIAL  PRODUCTION  OF  CiLUCONlC  ACID 

Since  the  time  of  the  discovery  of  gluconic  acid  production  by 
acetic  acid  bacteria  by  lioutroux,'*  "’  many  investigators  have  re¬ 
ported  the  ])rocluc  ticjn  of  this  acid  by  other  species  of  bacteria.  A 
majority  of  the  species  of  the  genus  Acetohacter  apparently  form  this 
acid  from  glucose,  but  usually  continue  the  oxidation  further  with 
the  production  of  ketogluccjnic  acids.  Pseudomonas  sj^ecies  also 
produce  gluconic  acid  Irom  glucose  as  an  intermediate  in  the  fcjr- 
mation  of  2-ketogluconic  acid  (Chapter  1,  Volume  II).  Butliid^  has 
reviewed  the  literature  on  the  production  of  gluconic  acid  by  acetic 
acid  bacteria,  .\mong  those  listed  by  Butlin  are:  A. 

A.  acetosum,-^  A.  ascendens,^^  A.  gluconicum,^^’^'^  A.  Hoshigaki  var. 
)osea,^^  A.  industrianum  var.  Hoshigaki/’^  A.  kutzingianuni,^^  A. 
orleanense;^'^  A.  pasteunanum,^^-^-^  A.  rancens;^^-'^'  A.  suboxydans,^^ 
A.  xylinoidesr^  and  A.  xylinum^^'^^-^^  Recently  Bernhauer  and 
Riecll-1  umova®  have  reported  rapid  oxidation  of  glucose  to  gluconic 
acid  and  then  ketogluconic  acids  by  A.  suhoxydans  muciparum  and 
A.  melanogenum.  1  hey  also  found  both  organisms  quickly  oxidized 
D-xylose  and  i.-arabinose  to  the  corresponding  pentonic  acids,  with¬ 
out  further  oxidation  to  keto  acids.  i.-Xylose  was  not  oxidized  by 
eithei  oiganism,  while  n-arabinose  was  lermented  to  a  considerable 
degree  by  A.  mehniogeuum . 

Several  patents  have  heen  issiicti  tovering  protesses  lot  pro- 
(liirtinn  ol  gluconic  aciti  by  species  of  acetic  acid  bacteria.  Currie 
and  Carter”  e.uployetl  A.  oxydans  to  oxidi/e  a  glucttse  solution  in 
the  lor.n  ol  ilnn  fdnis  in  contact  with  air.  .\  similar  to  a 

v.negar  gerterato,  was  used,  Idled  with  an  inert  packing,  s.teh  as 
tvood  shtivings,  coke  or  clay  shards,  .\ccording  to  the  ptitent 
nutrtents,  n,  the  lorn,  of  (1.2  to  2%  mineral  st.lis,  were  added  to 
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ihe  mash;  and  25%  glucose  was  slated  to  he  die  optimum  concentra. 
tion  although  concentrations  as  high  as  15%  coidd  be  employed 
A  temperature  range  ot  15°  to  J15°(l  was  given.  Hermann, in  ai 
.\ustrian  jiatent,  recommended  the  procedure  and  apparatus  or 
dinarily  used  in  the  quick-vinegar  process  lor  lermentation  ol  solu 
lions  ot  glucose  with  bacteria  such  as  A.  gluconicuin. 

Currie  and  Finlay,^"’"  in  19.8-1,  patented  a  process  tor  gluconi'« 
acid  production  by  oxidizing  glucose  with  A.  ghiconicuin  or  othe 
bacteria  ot  the  Acetobacter  grouj)  in  a  deejj  tank  with  aeration  anc 
high  speed  agitation.  Within  18  to  60  hours,  90  to  95%  ot  th< 
glucose  in  15%  glucose  medium  was  converted  to  gluconic  acid  a 
a  temperature  ot  80°  to  84°C.  I'his  is  certainly  among  the  firs 
recortled  applications  ot  the  motlern  method  lor  sidmierged  cidtm 
ing  technicjue  tor  aerobic  organisms. 

l\akahashi'^^  patented  a  process  tor  production  ot  gluconic  acic 
by  lermenting  glucose  or  mannitol  solutions  with  cidtures  identifiec 
as  A.  Hosliigaki  var.  rosea  and  A.  iuduslrianinn  var.  Hoshigaki 
Nitrogen  was  siqiplied  by  addition  ot  soybeans  or  extract  ol  ric 
bran.  Fermentation  tor  18  days  at  26°  to  28°C  resulted  in  yield 
ot  gluconic  acid  iqj  to  108%,  based  on  glucose. 

Closely  related  to  gluconic  acid  production  is  the  patent  o 
Lockwood,'’-  covering  the  production  ot  pentonic  acids  trom  pen 
loses  such  as  arabinose,  ribose,  and  xylose.  This  piocess  involve 
termentation  ot  the  media  containing  the  sugar,  magnesium  sidlatc 
monopotassium  j^hosphate,  calcium  carbonate,  and  a  nitiogenou 
nutrient,  such  as  yeast  extract,  corn  steej)  litpior,  or  liver  extract 
with  any  ot  a  number  ot  Pseudomonas  species  tor  about  7  day 
under  aerated  conditions.  A  similar  patent  by  Lockwood  an« 
Stodola*'’  relates  to  the  prejtaration  ol  bionic  acids,  such  as  lacK 
bionic  and  maltobionic  acids,  directly  trom  the  disaccharides  b 
Pseudomonas  termentations. 

So  tar  as  can  be  determined  bacterial  oxidation  ot  glucose  t. 
gluconic  acid  has  not  achieved  industrial  ajtitlication. 


PRODUCn  ION  OF  GLUOONIO  ACID  KV  MOLDS 
S  u  r  I’aoe  Fe  r  in  eii  I  a  I  i  o  n 

Mthough  gluconic  acid  had  previously  been  rejjorted  as  ; 


...ocluct  „r  inolci  n.elabolis.n,  a,s  .ncui.meci  bclore,  tl.e  develop.ne,- 
1,1  a  surcesslul  process  in  the  United  States  lor  the  product.on 
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tliis  acid  by  rcrnicntation  was  the  result  ul  intensive  woik  by 
investigators  ol  the  United  States  Department  oi  Agriculture,  start¬ 
ing  about  192(i. 

May,  Herrick,  'riioin,  and  Church''*'  first  reported  in  1927  the 
jiiMduction  ol  gluconic  acid  l)y  molds  (j1  the  Peuicilliutn  lutcuui- 
purpurogeninn  group.  Herrick  and  May"’  reported  ojitimum  con¬ 
ditions  which  they  had  determined  lor  the  production  ol  gluconic 
acid  by  this  organism  in  surlace  culture,  using  shallow  pans. 
Maximum  yields  of  55  to  65%  oi  theoretical  were  obtained,  kising 
these  conditions.  May,  Herrick,  Moyer,  and  Hellbach''^  produced 
gluconic  acid  on  a  semi])lant  scale  in  1929  by  fermentation  ol 
glucose  medium  in  aluminum  pans  ol  45  X  X  -  with  P. 
luteu  m  -pu  rpu  rogen  u  ni . 

An  investigation  ol  a  considerable  number  ol  Penicilliuin 
species  led  to  the  discovery,  in  193b,  l)y  Moyer,  May,  and  Herrick'*" 
ol  a  culture  ol  P.  clirysogenuin  which  had  greater  capacity  lor 
producing  gluconic  acid  and  at  the  same  time  had  biochemical  and 
vegetative  vigor  sujjerior  to  those  ol  P.  luteum-pu) purogenum  em¬ 
ployed  previously.  Using  this  culture  ol  P.  clirysogoiinu,  lermenta- 
tion  in  shallow  aluminum  pans  with  surlace-volume  ratio  ol  0.4 
to  0.5  lor  8  to  10  days  at  30°C  gave  b0%  conversion  ol  glucose  to 
gluconic  acid.  1  he  medium  contained  200  to  250  g  commercial 
glucose,  3.00  g  NaN()3,  0.30  g  KH,P()„  and  0.25  g  MgSOp7H.,()  per  1. 


Submerged  Fermentation 

In  1928,  Schreyei-’"  reported  the  residts  ol  a  detailed  investiga¬ 
tion  ol  A.  jumu)  icus  which  produced  mixtures  ol  gluconic  and  citric 
acids  Irom  glucose.  Aeration  and  agitation  ol  cultures  to  which 
calcium  carbonate  had  been  added  caused  a  lour-  to  six-lold  increase 
m  gluconic  acid  production,  but  had  no  eliect  on  citric  acid 
lormation.  Thies'’’  obtained  similar  results  with  the  same  mold  by 
bubbling  oxygen  instead  ol  air  through  culture  solutions  containing 
calcium  carbonate.  In  a  patent  ol  1933,  Currie,  Kane,  and  Finlay*" 
claimed  yields  by  gluconic  acid  lorming  molds,  such  as  AspercriUus 
mger  and  Pen, all, urn  luteurn,  as  high  as  90%  ol  theory  in  48'to  bO 
hours.  In  this  process,  the  modern  submerged-culture  technique 
was  employed;  the  culture  liquid  was  maintained  in  a  high  state  ol 
agitation  by  means  ol  a  high-speed  stirrer,  at  the  same  time  drawine 
large  volumes  ol  air  into  the  solution. 

In  1934,  May,  Herrick,  Moyer,  and  Wells'*'’  investigated  pro- 
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cliK'tion  ()1  gluconic  juitl  by  chrysogeuum  when  (ultivatccl  in 
submerged  culture.  4  hey  employed  washing  bottles  with  sintered- 
glass  false  bottoms  under  increased  air  pressure.  I  he  bottles  were 
incid)ated  in  a  ]jre.ssure  vessel  and  yields  ol  gluconic  acid  ol  80  to ; 
87%  were  obtained  in  8  days  irom  20%  gluco.se  medium  at  .^0°C: 
at  an  air  pressure  ol  5  atm  or  more. 

In  an  attempt  to  devise  an  aj^paratus  lor  culture  ol  molds  inj 
larger  quantities  under  increased  air  pre.ssure,  Herrick,  Hellbach, 
and  May^"*  designetl  a  rotary-drum  lermentor  in  1955.  Buckets  and 
baffles  on  the  inside  ol  the  drum  served  to  bring  the  oxygen  ol 
the  air  into  intimate  contact  with  the  medium  and  the  submerged 
mycelium  as  the  drum  was  rotatetl.  I'he  first  laboratory  drum  had 
a  diameter  of  9  in.  and  tvas  12  in.  long.  With  this  diiun,  at  .50  psi 
air  pressure,  yields  of  gluconic  acitl  approaching  80%  of  theory 
were  obtained  in  56  hours  as  comjiared  with  8  days  for  siinilai 
yields  in  the  jjreviotis  glass  a}}paratus. 

Continued  work  with  the  drum  by  \V^ells,  Moyer,  .Stubbs,  Her¬ 
rick,  and  May'^*’  led  to  the  conclusion  that  F.  chrysogenum  wouk3 
not  be  a  satisfactory  organism  for  commercial-scale  ojierations. 
because  it  does  not  jnoduce  the  large  quantities  of  spores  necessary 
for  inoculation.  Another  organism,  Aspergillus  uiger,  strain  67,  was 
therefore,  selected  for  further  work  since  it  inoduced  si^ores  ii 
abundance  and  gave  uniform  fermentation.  I'hese  workers  made  r- 
detailed  investigation  of  the  optimum  cidtural  conditions  in  the 
laboratory  drums  and  achieved  gluconic  acid  yields  ol  84%  Iron 
15%  glucose  metlium  in  an  18-hour  fermentation  jjeriod. 

In  1957,  Moyer,  W^ells,  Stubbs,  Herrick,  and  May'*'  reportec 
further  results  of  their  laboratory  investigations  on  methods  lor 
inoculum  development  and  oj)timum  composition  of  fcrmentatioi 
medium  for  gluconic  acid  production  by  submerged  cultivation  o 
A.  niger,  strain  67,  under  superatmospheric  jiressures.  losing  a 
medium  containing,  jjer  liter,  100  to  150  g  glucose,  0.156  u 
MgS(V7H./),  0.188  g  KhLViK  0.588  g  (NflO.HPO,  and  26.0  i; 
CaCOa,  yields  iq)  to  95%  of  theory  were  obtained. 

The  succe.ss  of  the  laboratory  work  led  to  the  design  ol  a  largi 
aluminum  drum,  5  ft  in  diameter  by  9  ft  total  length,  for  pilot-plam 
/ork.  This  drum  was  first  described  in  1957  by  Wells,  Lynch 
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Herrick,  and  May,""  and  pilot-plant-scale  oi)erations  with  tins  dr 
were  re|.<irlfcl  l.y  GasC.ock,  I'orRcs,  Wells,  a.id  Moyeid'  Med. 
composition,  inoculum  development,  neutrali/mg  agent,  n 
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rotation,  rate  ol  air  (low,  glucose  concentration,  volume  of  fer¬ 
mentation  meclium  and  reuse  ol  the  lungus  mycelium  weie  in¬ 
vestigated.  W'ith  a  meclium  containing  150  to  200  g  glucose  and  26 
g  calcium  carbonate  j)er  1,  consistent  yields  of  at  least  95%  weie 
cil)tainecl  in  24-hour  fermentations  in  the  large  drum,  using  140  gal 
of  meclium.  Optimum  conversions  were  ol)tained  with  an  air 
j^ressure  of  30  psi,  air  How  ol  375  ml  ]>er  1  ol  medium  per  minute 
and  a  rotation  speed  of  9.5  or  11.8  rpm. 

Forges,  CHark,  and  Gastrock^®  developed  the  process  for  semi- 
continuous  operation.  1  his  involved  reuse  of  the  mold  mycelia,  and 
was  studied  in  both  laboratory-size  and  large  pilot-plant  drums. 
Two  methods  were  investigated:  (1)  transferal  of  an  alicjuot  of  the 
actively  fermenting  solution  with  its  proportionate  amount  of 
fungal  growth  to  a  second  drum,  containing  freshly  prepared 
medium,  and  (2)  dotation  of  the  mycelium  by  reducing  the  pres¬ 
sure  to  atmospheric  in  the  resting  drum,  drawing  off  the  Iciwer  80% 
of  the  completely  fermented  charge,  and  introducing  a  new  charge. 
Both  procedures  were  successful  in  lowering  fermentation  time,  but 
the  flotation  jirocedure  gave  best  results  and  fermentation  was 
usually  complete  in  abc^ut  9  hours.  With  this  procedure,  it  was 
found  that  for  optimum  results,  the  glucose  concentration  should 
be  reduced  to  about  1 1.5  g  from  the  15  g  per  100  ml  used  jjreviously. 
.\s  many  as  filteen  successive  fermentations  were  conducted  in  this 
manner  with  no  ajjparent  loss  in  elfciency. 

About  a  year  later.  Forges,  Clark,  and  Aronovsky'*’  reported 
that  the  mycelium  of  A.  niger,  strain  67,  coidd  be  recovered  by 
j)iessuie  hltration  in  a  sterile  aluminum  filter  or  by  centrifugation 
and  leusecl  loi  inocidation  of  Iresh  sterile  fermentation  medium. 
4  he  amounts  ol  mycelium  returned  to  the  rotary  fermentor  for 
each  succeeding  fermentation  averaged  75%  of  the  amounts  re¬ 
covered  Irom  the  preceding  one.  With  this  method,  16  g  per  100 
nd  of  glucose  could  be  used  successfully,  and  as  many  as  nine 
successive  fermentations  were  conducted.  T  he  advantage  of  this 
procedure  was  that  it  made  possible  the  use  of  a  full  charge  of 
Iresh  medium  of  higher  glucose  concentration  than  was  feasible 
with  the  flotation  method  jneviously  reported. 

U  is.  of  cnusc,  gencially  clesi,al>le  u,  ciuluct  fern.cntations  at 
as  lugli  sul.stiate  conccrurations  as  possiltle  to  facilitate  the  recoverv 
of  Itrodoct  aitti  to  rctU.ce  |tlant  costs.  The  pieviot.sly  described 
gluconic  acul  fermentations  were  limited  to  a  maximum  of  about 
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H>%  glucose  because  ol  inhibition  ol  lermentation  by  precipitation 
of  calcium  gluconate  or  through  injury  to  the  lermenting  organism' 
by  exposure  to  tree  gluconic  acid. 

In  1940,  Moyer,  Umberger,  and  Stubbs^‘  found  it  possible  to 
ferment  solutions  containing  up  to  35%  glucose  by  addition  ofl 
boron  compounds  which  temporarily  stabili/ed  the  solution  and 
prevented  precij)itation  of  calcium  gluconate.  Under  these  con¬ 
ditions,  an  excess  of  calcium  carl)onate  could  be  used  to  neutralize 
all  of  the  gluconic  acid  formed.  I’his  eliminated  the  ilecrease  in 
fermentation  rate  during  the  final  stage  of  fermentation  and  the 
long  lag  jjhase  when  jjreformed  mycelium  was  used  to  ferment  a 
new  charge  of  glucose  medium.  It  was  found  that  precipitation  of 
calcium  gluconate  during  normal  lermentation  ol  29,  25,  .30,  and  35 
g  glucose  per  100  ml  can  be  ])revented  by  500,  1,000,  1,500,  and 
2,500  ppm  of  boron,  res})ectively.  However,  it  was  also  found  that 
the  strain  of  mold  employed  in  former  studies,  A.  niger  67,  did  not 
grow  well  in  the  presence  of  more  than  400  ppni  of  boron.  However, 
another  strain,  A.  niger  3,  produced  gluconic  acid  well  and  growth 
was  not  inhibited  at  2,000  ppm  of  boron,  the  tolerance  being  even 
higher  in  the  presence  ol  calcium  carbonate.  With  this  organism, 
using  the  fermentation  medium  previously  employed, except  that 
the  concentration  of  diammonium  phosjdiate  was  increased  to  0.5 
g  j)er  1  and  2  to  3  ml  of  corn  steep  licpior  was  added  per  liter,, 
excellent  fermentations  were  secured.  In  these  lermentations,  excess. 


calcium  carbonate  and  1,500  ppm  of  boron  were  used  with  25% 
glucose  medium.  The  boron  was  best  added  altei  the  tei mentation 
was  well  under  way  and  in  the  form  of  dry  boric  acid  or  borax  in 
order  to  prevent  violent  evolution  ol  carbon  dioxide,  loaming  ol 
the  medium,  and  excessive  increase  in  volume.  By  reuse  of  the 
mycelium  filtered  from  a  previous  fermentation,  it  was  jMissible  in 
the  laboratory  drums  to  ferment  25%  glucose  solutions  to  gluconic 
acid  in  a  24-hour  cycle.  Four  successive  fermentations  with  reuse 
of  mycelium  gave  practically  identical  fermentation  curves,  widi 
about  95%  conversion  eificiency.  I'he  use  ol  boron  compounds  in 
the  gluconic  acid  fermentation  was  jiatented  by  Moyei. 
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been  employed  on  industrial  scale  lor  gluconic  acid  production. 
Strains  ol  this  organism  must  be  selected  which  give  gluconic  acid 
with  exclusion  ol  other  acids,  particularly  citric  and  oxalic  acids. 
Strains  resistant  to  the  action  ol  boron  must  be  employed  il  boron 
^  compounds  arc  to  be  used  in  the  fermentation.  Cultures  may  be 
developed  in  the  laboratory  on  slants  of  agar  medium,  .uid  may  be 
maintained  as  soil  cultures  or  by  lyophilization  (Cdiapter  \Z,  Volume 
II).  Bloni  et  ol.^"  have  recently  recommended  to  carry  stock  cidttires 
of  A.  niger  NRRl -S  on  agar  slants  of  the  following  composition: 
.80  g  glucose,  0.10  g  MgSO,*7HoO,  0.12  g  KH0PO4,  0.25  g  NH4NO3, 
0.25  g  peptone,  4.00  g  CaCOa,  25.0  g  agar,  aqueous  extract  from  200  g 
of  peeled,  sliced,  and  cooked  potatoes,  tap  water  to  make  1,000  ml. 
4'he  potato  extract  is  prepared  by  autoclaving  200  g  of  peeled  and 
sliced  jiotatoes  in  500  ml  ol  tap  water  for  15  minutes  and  filtering 
through  cheesecloth. 

Development  of  Cultures  to  Plant  Stage 

Generally,  gluconic  acid  fermentations  in  industry  employ  re¬ 
use  of  mycelium  and  once  the  j)rocess  is  operating  properly,  there  is 
little  need  to  build  up  cidtures  through  laboratory  and  })lant 
culture  tanks.  However,  such  a  jjrocedure  is  necessary  in  initially 
starting  up  the  ])lant  ojjerations  and  in  case  of  contamination  of 
plant  lermentors,  requiring  the  use  of  a  new  cidture.  I'he  jjro- 
cedure  recommended  by  Moyer,  Wells,  Stid)bs,  Herrick,  and  May"*^ 
involves  pregermination  of  the  mold  spores.  However,  this  can  be 
eliminated  by  initially  inocidating  the  plant  lermentors  with  sjiores 
developed  in  the  laboratory.  Spore  cidtures  have  been  prepared  for 
large-scale  laboratory  gluconic  acid  fermentations  by  the  author 
by  growing  the  mold  on  moist  bran  in  the  manner  used  for  spore- 
inoculum  development  lor  fungal  enzyme  production  (Chapter  3, 
Volume  II).  Hlom  et  recommended  inocidum  spore  produc¬ 
tion  by  laboratory  culturing  of  the  mold  for  7  days  on  150  ml 
|K)rtions  of  medium  containing,  per  1,000  nd,  50.0  g  glucose,  0.12  g 
MgS04*7H,0,  0.15  g  KH.PO4,  0.20  g  KCl.  0.00  g  (NH4),HP04,  oVl 
g  feiiic  taitiate,  M)  ml  potato  extract  (j)rejiared  as  described  before), 
30  ml  beer,  and  1.5  g  agar.  Moyer  et  employed  for  spore  ger¬ 
mination  surface  culturing  of  the  mold  on  a  liipdd  medium  con¬ 
taining,  per  liter,  91.5  g  glucose,  0.450  g  NH.NO,,  0.072  g  KH,P04, 
0.000  g  MgS04*7H,0,  and  00  ml  of  beer.  Rlom  et  preiJared 
vegetative  growth  inoculum  for  150-gal  pilot-plant  fermentation  in 
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45  gal  of  medium  conlainiug  10  kg  glucose,  750  ml  corn  steep  litpior, 
31  g  MgS()4*7H.,(),  38  g  KHaPO^,  20  g  urea,  80  g  (NH4)„HP04, 
25  g  NaOH  to  l)riug  pH  to  6.5,  aud  tap  water  to  make  45  gal  after 
sterilization  for  30  miuutes  at  121  °C.  The  medium  was  inoculated 
with  two  flasks  of  spore  culture  prepared  as  described  previously 
aud  incubated  lor  24  hours  at  33°C]  with  aeration  at  the  rate  of 
one-fifth  volume  j)er  minute  per  volume  of  medium. 

('oiitamination  Problems 

Contamination  is  not  a  serious  problem  in  this  fermentation. 
I  he  fermentations  are  rapid  and  contaminants  have  little  chance 
to  develop.  Likewise,  the  medium  employed  is  inadequate  for  most 
organisms,  such  as  acetic  acid  bacteria,  which  might  be  contami¬ 
nants.  Wells,  Moyer,  Stubbs,  Herrick,  and  May®®  even  ventured 
the  opinion  that:  “It  may  thus  be  possible  to  carry  out  the  fer¬ 
mentation  on  a  large  scale  without  sterilization  of  either  equipment 
or  the  nutrient  solution.”  Such  practice  is  not  generally  recom¬ 
mended,  however.  Reuse  of  filtered  mycelium  for  inoculation  ol 
successive  fermentations  reported  by  Gastrock  et  al.^^  and  by  Moyer, 
Umberger,  and  Stubbs'*^  emjjloyed  filtered  mycelium  which  had 
opportunities  for  contamination  by  bacteria  and  other  fungi. 
Examination  of  the  fermented  medium  after  four  cycles  by  the 
latter  authors  revealed  no  contamination,  and  they  stated:  “Ap¬ 
parently  this  fermentation  is  not  very  susceptible  to  contamination 
by  most  common  bacteria  and  fungi.” 

The  Plant  Fermentation 

No  detailetl  description  of  commercial  operation  of  the  gluconic 
acid  fermentation  has  been  published.  However,  it  is  well  known 
that  the  jirocedures  used  are  based  on  the  developments  made  by 
the  investigators  of  the  United  States  Department  of  Agriculture 
discussed  before.  Selected  strains  of  A.  niger  are  employed:  the 
fermentation  is  conducted  by  submerged  culture  of  the  mold  with 
aeration  under  pressure;  the  mold  mycelium  is  reused  for  successive 
fermentations.  I'he  fermentations  may  be  run  in  rotary  drums  or  in 
conventional  vat  fermentors,  equipjjed  with  jjorous  stones  or  j)er- 
forated  pipes  for  the  tlispersal  of  air.  T  he  fermentor  should  be  con¬ 
structed  of  enameled  steel,  or  preferably  of  high-purity  alummuin 
or  nickel-free  stainless  steel.  Mechanical  agitation  is  advantageous 
and  probably  essential  for  a  rapid  cycle.  During  fermentation. 
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vigorous  aeration  with  sterile  air  must  be  proviclecl.  termentation 
under  air  i)ressure  ol  2  atm  (50  psi  gage  pressure)  results  in  more 
raj)id  operation.  I'lie  volume  ol  air  suj)j)lied  will  depend  on  the 
eliiciency  with  which  the  sohition  is  aerated  and  the  aii  letjuiie- 
ment  will  be  less  it  mechanical  agitation  and  iermentation  under 
super-atmospheric  pressure  are  used.  The  jneterred  temjjeratiire 
is  .hot:.  Considerable  heat  is  evolved  during  the  fermentation,  and 
cooling  is  necessary  in  large-scale  lermentations.  Internal  coils  and 
external  water  jackets  or  sprinkler  systems  have  been  found  satis¬ 
factory  for  temperature  control. 

A  suitable  production  medium  contains,  per  liter,  100  to  150 
g  glucose,  0.150  g  MgS04*7Ha0,  0.188  g  KHaPO,,  0..H88  g 
(NHbaHPO,,  and  20.0  g  CaCO*,  the  last  being  preferably  sterilized 
separately  from  the  other  ingredients.  I'he  medium  is  sterilized  in 
a  separate  vessel  anti  transferred  aseptically  to  the  fermentor  in 
which  the  mokl  mycelium  from  a  previous  fermentation  has  been 
retained.  Glucose  solutions  of  25%  glucose  concentration,  or  even 
higher,  may  be  em])loyed,  if  excess  calcium  carbonate  is  added  along 
with  about  1,500  ppm  of  boron  as  dry  boric  acid  or  borax  after 
the  fermentation  is  well  under  way.  Octadecanol  has  been  suc¬ 
cessfully  used  as  an  antifoam  agent. 

P)RiTisH  Process 

.Apparently  the  only  jjublication  dealing  with  commercial 
procetlures  lor  the  gluconic  acid  fermentation  is  the  general 
description  of  Pnitish  practice  by  Williams.^''  The  process  employs 
semicontinuous  fermentation  with  reuse  of  mold  mycelium  and 
(juite  evidently  is  based  on  the  drum  process  developed  in  the 
United  .States  as  previously  discussed. 

Aledium  Preparation.  The  fermentation  medium  is  prepared 
in  a  batch-mixing  and  sterilizing  vessel,  which  is  a  vertical,  cylin¬ 
drical,  closed  vessel  with  conical  bottom  and  domed  top.  It  is  made 
ol  steel  with  all  interior  jiarts  covered  with  enamel.  The  vessel 
is  fitted  with  a  stirrer  shaped  and  adjusted  to  just  clear  the  conical 
bottom.  An  aluminum  coil  of  large  surface  area  is  fitted  internallv 
which  is  connected  with  steam  and  cold  water  lor  the  rajhd  heating 
or  cooling  of  the  batch  as  desired.  4  he  domed  top  has  a  hinged 
charging  door  which  can  be  closed  by  screw  clamps  and  made  air¬ 
tight.  Reduced  inessure  may  be  applied  by  vacuum  pump  to  the 
mixer  through  a  large  jiipe  in  the  dome.  In  the  base  of  the  ve.ssel 
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is  ail  aluminum  air  line  lor  passage  ol  air  upward  through  the 
batch.  The  air  line  passes  horizontally  outside  the  vessel  where  it  is 
connected  with  a  perpendicular  pipe,  the  ujipermost  end  of  which  is 
higher  than  the  height  of  the  licpiid  batch  in  the  mixer.  The  air 
line  is  attached  to  an  air  filter. 

In  operation,  the  raw  materials  are  charged  into  the  mixer 
through  the  manhole  in  the  toji.  batch  of  convenient  size  will 
contain  500  lb  of  glucose  and  500  to  500  gal  of  hot  water.  The 
agitator  is  then  started,  and  steam  turnetl  into  the  coil.  Wdien  the 
glucose  has  been  completely  dissolved,  several  per  cent,  on  the 
weight  of  sugar,  of  nutrient  salts  are  added,  these  salts  generally 
being  various  boron  and  ammonium  compountls.  Powdered  cal¬ 
cium  carbonate  is  then  addetl.  4'he  amount  of  calcium  carbonate 
used  should  not  be  sufficient  to  neutralize  all  of  the  gluconic  acid 
which  will  be  formed  tluring  fermentation,  for  the  presence  of  some 
free  acid  at  the  end  facilitates  se|)aration  of  mycelium  for  reuse  in 
the  next  batch.  Approximately  1  g  of  the  carbonate  will  neutralize 
the  gluconic  acid  from  5.1')  g  of  glucose.  Consecjuently,  60  to  70 
lb  of  calcium  carbonate  would  normally  be  added  for  a  batch  con¬ 
taining  500  11)  of  glucose. 

'I'he  mixer  is  closed  and  heating  is  continued  until  boiling 
begins,  then  the  steam  flow  is  reduced  to  maintain  a  steady  boiling 
temperature.  During  the  boiling,  filtered  air  is  drawn  upward 
through  the  pipe  in  the  base  of  the  vessel,  the  air  and  water  vapor 
being  drawn  oft  through  the  vacuum  system.  Boiling  is  continued 
for  about  an  hour,  or  until  the  mixer  contents  are  judged  to  be 
thoroughly  sterilized.  I'he  steam  and  air  are  then  shut  off  and 
cooling  water  is  pas.sed  through  the  coil  until  the  temperature  ol 
the  stirring  mash  has  been  reduced  to  50“  to  52“C,  the  vacuum 
punij)  continuing  to  draw  on  the  vessel  as  cooling  proceeds,  thus 
giving  a  relatively  high  vacuum  when  the  mixer  contents  become 
cool.  When  the  desired  temperature  has  been  reached,  the  vacuum 
is  released  and  the  mixture  is  passed  into  the  lermentor.  With  an 
average  installation,  8  to  10%  of  the  water  originally  added  is 
evaporated  during  the  boiling  and  cooling  and  the  glucose  content 

of  the  finished  mash  will  be  10  to  15%. 

Fermentation.  4'he  feiinentor  is  conveniently  situated  im¬ 
mediately  below  the  batch-mixing  vessel,  so  that  sterilized  mash  can 
be  run  into  it  directly  from  the  mixer.  I'he  type  of  fermentor 
commonly  used  consists  of  a  rotating  steel  cylinder,  etiamelled  in- 
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side,  mounted  on  a  liorizontal  axis,  the  weight  ol  the  ternientor 
lieing  taken  by  rollers  which  contact  steel  tires  welded  to  the  shell. 
The  vessel  is  geared  to  rotate  at  9  to  12  rpni.  The  internal  teni- 
perature  o(  the  lermentor  is  controlled  through  a  series  ot  jiipes 
arranged  lengthwise  in  the  cylinder  and  connected  to  low-inessure 
steam  and  cold-water  supjdies.  A  perlorated  air  line  also  runs 
lengthwise  through  the  vessel.  I’he  charging  and  discharging  ol  the 
lermentor  take  place  through  ojienings  in  the  ends  ol  the  cylinder. 
Both  ajiertures  are  near  the  cylinder  surlace  and  so  positioned  that 
when  the  discharge  outlet  is  at  the  lowest  point  ready  toi  the  tei- 
mented  liatch  to  be  run  oft,  the  inlet  is  at  the  highest  point  and 
ready  to  receive  the  next  batch  ol  medium  Irom  the  mixer. 

To  start  a  series  ol  lermentations,  about  5%  by  volume  ol  pre¬ 
germinated  culture  ot  A.  luger  is  added  to  the  batch  in  the  ler- 
mentor.  1  his  is  15  to  20  gal  ol  cidture.  The  drum  is  then  set  in 
motion  and  a  current  ol  air  is  blown  into  the  batch  as  it  rotates. 
The  air  stream  is  supplied  at  30  psi  gage  pressure.  The  tenij)erature 
ol  the  lermentor  contents  is  maintained  at  around  30°C  and  the 
progress  ol  the  lermentation  is  lollowed  by  periodic  sampling  and 
sugar  determinations.  When  the  sugar  content  has  iallen  below 
1%,  it  is  usually  uneconomical  to  carry  the  process  lurther,  lor 
lermentation  ol  the  remaining  sugar  takes  place  very  slowly. 

In  samples  taken  Irom  the  lermentor  belore  all  the  calcium 
carbonate  has  reacted  with  the  gluconic  acid  being  lormed,  the 
mycelium  separates  Irom  the  solution  very  slowly.  But  when  all 
the  calcium  carbonate  has  been  consumed  and  Iree  gluconic  acid 
is  present,  the  mycelium  sej>arates  easily  by  floating  to  the  surlace. 
Apart  Irom  ascertaining  the  sugar  content  as  the  lermentation  nears 
the  end,  a  good  guide  to  the  progress  is  also  aftorded  by  following 
the  pH  which  drops  near  the  end  ol  the  run.  When  the  fermenta¬ 
tion  is  judged  to  be  complete,  the  drum  is  stojjped  and  allowed  to 
remain  stationary  lor  30  to  40  minutes  during  which  time  practically 
all  the  mycelial  growth  rises  to  the  surface,  forming,  as  a  general 
rule,  10  to  12%  by  volume  ol  the  batch.  The  upper  layer  contains 
also  .some  calcium  gluconate  and  free  gluconic  acid. 

As  soon  as  there  is  a  clear  separation  between  the  mycelium 
and  the  .solution,  the  latter  is  drawn  oft  at  the  bottom  ol  the  ler¬ 
mentor,  leaving  the  mycelium  in  the  ves.sel  ready  lor  addition  ol 
the  next  batch  of  medium  from  the  mixer-sterilizer.  Subsetiuent 
fermentations  are  more  rapid  than  the  first  one  and  normally 
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icquire  8  or  9  hours.  I  he  record  for  an  average  batch  is  shown  in 


Table  51. 

Table  51.  RESUL  TS  OF  A  1 
MENTATION 

Weight  of  glucose 

Water 

Solution 

Water  evaporated  in  mixer 
Weight  of  sterilized  hatch 
Sugar  concentration  at  start 
Eernientation  started 
Fermentation  stopped 
Fermentation  period 
Residual  glucose  in  batch 
leaving  fermentor 


PICAL  (iLUCONlC  ACID  FER- 


300  lb 
3,000  lb 
3,300  lb 
276  lb 
3,024  lb 
0.92% 

8:20  A.M. 

4:45  P.M. 

8  hours,  25  minutes 
0.75  g  per  100  ml 


Pilot-Plant  Production  of  Sodium  Gluconate 

Recently  Rloin  et  al.^"  have  published  a  jjioccdure  lor  large 
pilot-plant-scale  jiiodttction  of  sodium  glticonate  by  fermentation 
with  A.  niger  NRRL-3.  The  stainless-steel  fermentor  was  13  ft  tall 
with  an  internal  diameter  of  24  in.  Agitation  was  provided  by  a 
proj>eller-type  blade  attached  to  a  horizontal  shaft  motinted  15  in. 
above  the  bottom  of  the  fermentor.  The  temjzerature  was  controlled 
to  within  b.5°F  by  circulation  of  water  through  an  external  jacket, 
with  automatic  control.  Most  fermentations  were  conducted  at  a 
volume  of  150  gal,  corresponding  to  a  licjuid  depth  ol  about  7  It. 
.\ir  for  the  fermentation,  sterilized  by  passing  it  through  a  10-in. 
column  containing  8  ft  of  10-  to  24-me.sh  activated  carbon,  was 
introduced  through  a  perforated  pipe-cross  sparger. 

Sodium  hydroxide  for  continuously  neutralizing  the  gluconic 
acid  as  formed  was  mixed  in  a  lO-gal  stainless-steel  supply  tank. 
The  jjH  of  the  fermenting  medium  was  recorded  and  automatically 
controlled.  T  he  medium  was  (irculated  Irom  the  bottom  of  the 
fermentor  through  an  cnameleiTiron  How  chamber  and  pH  elec ti ode 
assembly  and  back  into  the  top  of  the  fermentor.  Alkali  .solution 
from  the  sujiply  tank  was  added  automatically  to  control  the  pH 
at  a  jnedetermined  constant  value.  The  contrcHler  me orjjoratcd 
throttling-range  and  droo|>-< orrection  adjustments  so  that  cllective 
pH  control  was  obtained. 

Foaming  of  the  medium  during  Icrmentation  was  contiollec 
by  automatic  addition  of  antiloam  agents.  When  the  loam  reached 
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a  predetermined  level,  it  contacted  an  insidated  electrode  and  acti¬ 
vated  an  electronic  controller  that  ojiened  a  solenoid  valve  in  the 
antiloaiir  snjiply  line. 

X'ariables  in  the  process,  including  type  ol  antiloain  agent, 
method  ol  sterilization,  type  ol  inocnlum,  agitation,  air  pressure  and 
aeration  rate,  sugar  concentration,  and  depth  ol  medium  were  in¬ 
vestigated  thoroughly  to  determine  optimum  operating  conditions. 
The  most  satislactory  antiloam  agent  jiroved  to  be  1%  octadecyl 
alcohol  in  ethyl  alcohol.  Both  continuous  sterilization  at  pH  4.5  in 
the  range  ol  220°F  lor  3  minutes  and  ol  275°F  lor  5  minutes  and 
batch  sterilization  at  pH  4.5  at  25()'’F  (15  jisi  gage)  lor  10  to  30 
minutes  were  lound  suitable.  Less  antiloam  agent  was  required  in 
lermentations  in  which  batch  sterilization  was  employed,  jjrobably 
due  to  alteration  ol  nitrogen  compounds  by  the  long  total  heating 
period  necessary  in  bringing  the  medium  up  to  sterilization  tem¬ 
perature  and  down  to  lermentation  temperature.  Use  ol  spore 
inoculum  required  a  germination  lag  }jeriod  ol  10  to  12  hours.  Lise 
ol  vegetative  inoculum,  varying  Irom  5  to  30%  ol  the  final  volume, 
with  10%  being  sufficient  lor  rajjid  lermentation,  resulted  in  a  lag 
j)eriod  ol  4  to  6  hours.  When  mycelium  Irom  a  good  lermentation 
was  reused  as  inocidum  lor  sterilized  medium,  the  lag  jjeriod  was 
entirely  eliminated  and  sugar  was  utilized  immediately  at  high  rate. 

Increase  in  any  ol  the  operating  variables  ol  agitation,  ler¬ 
mentation  pressure,  and  aeration  rate  resulted  in  increase  ol  rate 
of  sugar  utilization.  For  maximum  production  rate  ol  gluconate, 
agitation,  lermentation  pressure,  and  aeration  were  maintained  as 
high  as  possible.  With  decrease  in  lermentation  pressure  or  in¬ 
crease  in  agitation  or  aeration  rate,  more  loaming  was  encountered 
and  thus  moie  antiloam  agent  was  I'ecpiired.  For  the  lermentor 
employed,  ojnimum  conditions  were  determined  to  be:  aeration, 
1.5  volumes  j^er  minute  per  volume  ol  medium;  agitation,  220  rpm; 
lermentation  pressure,  30  psi  gage. 

From  results  with  sugar  concentrations  varying  from  22  to  35%, 
it  was  concluded  that  maximum  daily  production  ol  sodium  glu¬ 
conate  j^er  lermentor  would  result  Irom  a  medium  containing  30% 
glucose. 


Ke<'i>iiimen<lr<l  Process.  From  the  expel  imenttil  results  Blom 
el  ai-  omrltitletl  that  sothtim  ghicotiate  cati  he  protlttcetl  success- 
fully  hy  continuous  nentralh.ation  of  gluconic  aciti,  as  it  is  formed 
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in  submerged-culture  lermeutation  ol  glucose  by  A.  niger  NRRL-3, 
and  recommend  tlie  lollowing  j^rocess. 

1  he  inocidated  medium  should  contain  21  to  30%  corn  sugar 
(glucose),  0.4%  corn  steep  liquor,  0.02%  MgSO^'TH.O,  0.02% 
KHaP()4,  0.01%  urea,  and  0.04%  (NHp.SO,.  T  he  medium  should 
be  sterilized  at  jjH  4.5,  preterably  batchwise  at  250°F  lor  15  to  30 
minutes. 

Inocidum  tor  the  lermentation  shoid{l  be  prepared  from  a 
medium  containing  6%  corn  sugar,  with  other  nutrients  as  listetl, 
batch  sterilized  at  250‘'F  lor  15  to  30  minutes  at  pH  6.5.  Sterile 
medium  should  be  cooled  to  92°F  and  inoculatetl  with  one  flask  ol 
sporulated  cidture  (110  st]  cm  ol  mycelial  mat)  per  45  gal  ol  seed 
medium.  I'he  seed  medium  should  be  aerated  with  one-lilth  volume 
ol  sterile  air  per  minute  jjer  volume  ol  medium  lor  24  hours.  At 
the  end  ol  this  period,  the  glucose  content  should  be  between  4.5 
and  5.0%  and  the  pH  shoukl  be  ajqiroximately  4.8. 

4  he  sterilized  jjroduction  medium  shoidd  be  adjusted  to  a  pH 
ol  6.5  with  sodium  hydroxide  belore  inoculation  and  inoculated 
with  10%  by  volume  ol  vegetative  inoculum.  Vigorous  mechanical 
agitation  shoidd  be  enq^loyed  and  finely  disj^ersed  sterile  air  should 
be  jjassed  through  the  medium  at  the  rate  ol  at  least  one  volume 
ol  air  per  minute  j>er  volume  ol  medium.  44ie  lermentation  should 
be  conducted  at  a  pressure  ol  20  to  30  psi  gage  to  give  a  high  rate 
ol  sugar  utilization  and  to  minimize  loaming,  which  should  be 
controlled  by  aildition  ol  1%  octadecyl  alcohol  in  ethanol  solution 
as  required.  The  lermentation  temjjerature  should  be  maintained 
at  92°  to  94°F  and  the  pH  should  be  controlled  automatically  at 
(i  5  ^  0.5  by  adilition  ol  strong  sodium  hydroxide  solution.  Alter  a 
lag  period  ol  5  to  7  hours,  oxidation  ol  sugar  begins,  and  the  sugar 
should  be  consumed  at  a  rate  ol  1.5%  j)er  hour  until  only  0.1% 
remains. 

Subsequent  batches  ol  sterile  lermentation  media  may  1)C 
inoculated  with  mycelium  liltereil  Iroin  the  lermented  liipior.  In 
this  case,  there  is  no  lag  period  and  sugar-utilization  rate  should  be 
approximately  1.5%  jjer  hour. 

I'he  liquor  Irom  a  lermentation  should  be  filtered  and  the 
mycelium  cake  discarded  or  used  as  inoculum  in  a  lollowing  fer¬ 
mentation.  1  lie  filtrate  should  then  be  processed  for  recovery  of 
tlie  sodium  gluconate. 
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A  N  A  L  Y  I  I  CAL  I E  F  HODS 


The  glucose  content  ot  the  mashes  and  lermentation  samjdes 
is  determined  by  conventional  sugar-analysis  procedures,  involving 
copper  reduction.  Sugar  analysis  gives  the  original  concentration  ol 
glucose  in  the  mash  and  the  course  ol  the  lermentation  is  lollowed 
by  sugar  analyses  on  sanijjles  taken  periodically  during  the  lei- 
mentation  period.  Fhe  lermentation  is  judged  complete  when 
residual  glucose  reaches  a  predetermined  low  level. 

T  he  course  ol  the  lermentation  can  also  he  lollowed  con- 
v'eniently  by  periodic  pH  determinations.  Until  tiee  acid  develojjs, 
in  calcium  gluconate  lermentations,  the  pH  ot  the  medium  remains 


close  to  5.5.  ^Vith  lormation  ol  tree  gluconic  acid,  the  pH  drojxs  to 
.H.5  or  even  lower. 

It  is  Ireejuently  uselul  to  estimate  the  amount  ol  tree  gluconic 
acid  in  the  lerniented  batch  leaving  the  lermentor.  11  the  amount 
ot  gluconic  acid  present  as  calcium  gluconate  is  desired,  the 
calcium  is  determined  on  filtered  litpior  by  oxalic  acid  precijjitation, 
lolloevetl  by  permanganate  titration. 


RECOVERY 

Fhe  most  common  practice  is  to  recover  the  product  as  the 
calcium  salt.  The  lermentetl  licjuor  is  filtered  and  is  mixed,  with 
vigorous  agitation,  wdth  a  suspension  ol  calcium  hydroxide  cal¬ 
culated  to  neutralize  98%  ot  the  free  gluconic  acid  present.  The 
mixture  is  cooled  below  20°C  and  allowed  to  stand  lor  24  to  48 
hours  lor  crystallization.  14ie  calcium  gluconate  crystals  are 
sejKU'ated  Irom  the  mother  licpior  in  a  centriiuge  and  washed  twice 
with  cold  w’ater.  The  calcium  gluconate  cake  is  then  removed 
Irom  the  centriiuge  and  dried  in  a  tray  drier  at  a  temjjerature  below' 
80  C.  The  mother  liquor  and  washings  are  concentrated  by 
vacuum  evaporation  and  cooled  to  obtain  a  second  crop  ol  calcium 
gluconate  crystals. 

To  obtain  Iree  gluconic  acid  Irom  the  lerniented  beer,  sulluric 
acid  ecpiivalent  to  the  amount  ol  calcium  present  is  added,  the 
calcium  sullate  is  filtered,  and  the  whole  ol  the  acid  concentrated 
to  a  sirup  ol  the  required  acid  strength  by  vacuum  evaporation 
Fhe  acid  ol  commerce  is  a  50%  aqueous  solution.  The  delta 
lactone  is  also  ol  commercial  interest.  Conversion  ol  the  acid  to 
the  delta  lactone  results  on  heating  or  by  azeotropic  distillation 
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with  butanol  or  dioxanc,  and  the  lactone  is  crystallized  Iroin  an 
anhydrous  solvent. 

For  recovery  ot  sodiinn  gluconate  Iroin  lennentations  neutral¬ 
ized  with  sodiinn  hyilroxide,  l>loin  et  (11.*^"  recommend  evaporation 
ol  the  fdtered  liijuor  in  a  multij)le-etfect  evaporator  to  a  siruj)  con¬ 
taining  42  to  45%  solids,  adjustment  ol  the  j)H  to  7.5  with  sodium 
hydroxide,  and  drum  drying  to  solid,  crude  sodium  gluconate.  The 
drnm-dried  jn'oduct  should  be  ground  to  100  mesh  in  a  hammer 
mill  for  bulk  storage  and  this  crude  sodium  gluconate  may  be 
used  lor  water  conditioning.  If  a  lighter-colored  j)roduct  is  desired, 
the  evaporated  liijuor  may  be  carbon  treated  before  drum  drying. 
'Fhe  drum-dried  j^roduct  is  light  tan  in  color,  95%  pure,  and  readily 
soluble  in  water.  Pure-white  sodium  gluconate  may  be  obtained 
by  crystallization  of  evaporated  fermentation  liquor  and  recrystal¬ 
lization,  or  by  recrystallization  of  the  drum-dried  product  from 
alcohol  or  water. 


RESIDUES  AND  ^V.\STES 

Since  the  industrial  gluconic  acid  fermentation  is  carried  out 
on  relatively  small  scale,  disposal  ol  the  residues  and  wastes,  con¬ 
sisting  of  filtered  mold  mycelium  and  mother  liquors  from  crystal¬ 
lization,  has  not  been  rejjorted  as  a  serious  problem. 


USES 

.V  recent  publication^'’"  reviewed  the  proi^erties  ol  gluconic  acid 
and  its  derivatives,  and  listed  some  ol  their  many  piesent  and 
potential  uses.  I’hese  comjjounds  have  become  important  in  the 
pharmaceutical,  food,  feed,  and  general  industrial  chemical  fields. 

Gluconic  acid  has  had  its  chief  importance  in  the  phar¬ 
maceutical  industry  in  the  form  of  its  salts  lor  the  purpose  ol 
introducing  aiqiroiiriate  metallic  ions,  such  as  calcium,  non,  and 
potassium,  into  the  l)ody  in  a  neutral,  nontoxic,  and  easily  as¬ 
similable  form.  Calcium  gluconate  is  the  iirelerred  calcium  cariiei 
for  supplying  this  metal  in  cases  of  calcium  deficiency  in  children 
and  to  women  in  inegnaiicy.  Calcium  gluconate  has  been  success¬ 
fully  employed  in  human  medicine  during  the  past  20  years  in  the 
treatment  of  tetany  anil  other  calcium  deficiencies.  In  veterinary 
practice,  injection  of  calcium  gluconate  into  milch  cows  suffering 
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from  milk  fever  lias  given  very  good  results.  Calcium  gluconate  is 
a  satisfactory  source  of  calcium  for  poultry;  the  quality  ol  egg  shells 
is  improved  when  it  is  included  in  the  ration. 

Ferrous  gluconate,  because  of  its  nonirritating  projierties,  is  an 
excellent  soiuce  of  iron  in  the  treatment  of  nutritional  anemia  and 
for  iron  therapy.  Recently,  Rernhard'  obtained  excellent  results 
in  the  use  of  potassium  gluconate  as  a  source  ol  potassium  in 
liypopotassemia  in  medical  and  surgical  jiractice.  Stone  stated 
that  the  salts  of  gluconic  acid  serve  as  an  eflicient  means  ol  introduc¬ 
ing  trace  elements  into  the  diet. 

Free  gluconic  acid  and  its  lactone  have  numerous  uses.  They 
have  applications  as  chemical  reagents  lor  jireparation  of  lower 
sugars  as  well  as  esters  and  other  carbohydrate  derivatives.  Present 
and  proposed  uses  in  foods  include  the  addition  of  small  amounts 
of  gluconic  acid  to  shortenings  to  give  more  stable  products  less 
likely  to  become  rancid  and  use  of  glucono-S-lactone  in  baking 
powders,  since  it  causes  more  gradual  liberation  of  carbon  dioxide 
than  is  possible  with  tartaric  acid  salts.  Gluconic  acid  is  widely 
used  in  the  dairy  industry  to  prevent  formation  of  milkstone,  and 
recently  it  has  been  shown  to  be  effective  in  the  prevention  of 
beerstone  in  breweries. 

In  the  textile  industry,  gluconic  acid,  glucono-8-lactone,  and 
ammonium  gluconate  are  employed  as  acid  catalysts.  For  example, 
the  requirement  for  an  odorless,  nontoxic  acid  catalyst  for  acid 
colloid  resins  used  with  textiles  has  led  to  wide  accejitance  of  glu¬ 
conic  acid  or  its  lactone  lor  this  j)urj)ose.  Recently,  sulfonated 
gluconamides  jn-oduced  by  reaction  of  glucono-8-lactone  with  fatty 
acid  amines  have  been  described  as  effective  detergents.^”" 

A  possible  large-scale  use  for  sodium  gluconate  is  in  preventing 
precipitation  of  calcium  and  magnesium  salts  from  natural  hard 
waters,  in  applications  requiring  caustic  solutions.®"-*”"  Caustic- 
soda  solutions  have  extensive  uses  in  industry.  Prevention  of 
insoluble  hard-water  precij)itates  by  sodium  gluconate  addition 
ocems  over  a  wide  range  ol  caustic-soda  concentrations.  The 
(juantity  of  sodium  gluconate  required  varies  with  die  degree  of 
hardness,  but  sodium  gluconate  amounting  to  5  or  10%  of  the 
weight  of  caustic  soda  appears  to  be  sufficient  for  w’aters  usually 
encountered.  I'his  application  should  have  commercial  significance 
m  antomatu  etiuipment,  such  as  bottle-washing  machines  used  by 
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the  dairy,  carbonatetl  beverage  and  brewing  industries.  Another 
possible  application  is  in  the  textile  industry,  where  the  use  of 
sodium  gluconate  might  ])revent  deposition  ol  hard-water  salts  on 
the  tabric,  thus  obviating  need  lor  their  subsetjuent  removal. 

The  possible  use  ot  sodium  gluconate  as  a  metal  sequestering 
agent  in  solutions  ol  high  alkalinity  prompted  the  pilot-plant 
research  rej>orted  by  Hlom  et  al.^"  lor  developing  the  sodium  glu¬ 
conate  lermentation  process  which  has  been  described  before. 
During  the  developmental  work,  over  8,000  lb  ot  sodium  gluconate 
were  recovered  and  this  compound  is  under  test  in  several  imlustrial 
installations  to  determine  its  ellectiveness  where  prevention  of  scale 
or  hard-water  precipitates  is  desired.  Blom  et  al.^"  have  estimated 
that  a  plant  to  jiroiluce  8  million  pounds  of  sodium  gluconate 
annually  would  rcHjuire  an  investment  of  ,'$890,000.  I'hey  have 
estimated  that  plant-jjroduction  costs  for  mamdacturing  9,010  lb 
of  sodium  gluconate  a  tlay,  or  8,000,000  lb  a  year,  would  be  11.78^ 
jier  pound  of  gluconate  produced  with  corn  sugar  at  7.5^  per 
j.)ound.  I'hese  jjlant-jjroduction  costs  do  not  include  administrative 
and  .selling  expenses. 


COMPETITIVE  OPERATIONS  AND  PROCESSES 
Besides  its  production  by  fermentation,  gluconic  acid  may  be 
manufactured  by  chemical  oxidation  of  glucose.  The  most  leasible 
chemical  method  for  obtaining  aldonic  acids  from  the  corresponding 
aldose  sugars  apparently  involves  the  electrolysis  between  carbon 
electrodes  of  solutions  containing  sugars,  small  amounts  of  bromides, 
and  a  buffer,  such  as  calcium  carbonate.  This  process  proved  to 
be  very  satisfactory  for  the  manufacture  of  calcium  gluconate  in 
considerable  (juantities.“®  The  reaction  apparently  takes  place  by 
the  formation  of  free  bromine  at  the  anode;  the  bromine  oxidizes 
the  aldo.se  to  aldonic  acid  and  is  rctluced  to  bromide.  The  jn  incipal 
products  of  the  reaction,  when  glucose  is  employed,  are  calcium 
gluconate,  carbon  dioxide,  and  hydrogen.  I'he  calcium  gluconate 
which  crystallizes  from  the  electrolyte  is  collected  on  a  Idter  and 
the  mother  licpiors  containing  the  bromide  are  returned  to  the  cell 
after  the  addition  of  more  gluco.se  and  calcium  carbonate.  Yields 
are  said  to  be  almost  theoretical  in  many  instances.  I  he  jirocc.ss 
has  been  patented  by  Isbell.=^’  A  disadvantage  is  that  if  the  elec¬ 
trolytic  method  is  not  well  controlled,  saccharic  adds  and  2-keto- 
and  5-keto-aldonic  acids  may  be  produced. 
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FUMARIC  ACID 

Jackson  IF.  Foster 


Manutacture  ol  luniaric  acid  by  a  niicrobiological  process  may 
be  said  to  be  potential  rather  than  actual.  Though  such  a  process 
has  been  develojjed  and  is  available,  two  leatures  have  stood  in  the 
way  ot  industrial  scale  application.  One  is  lack  ()1  demand  lor 
iumaric  acid  and  the  other  is  cost  ol  production.  I  he  manulattiue 
of  niicrobiological  fumaric  acid  may  be  thought  ol  as  a  counterpart 
of  the  kojic  acid  jirocess;  high  yields  are  olitainable,  but  there  is  no 
demand  for  the  product,  d'he  cost  deiiends,  to  a  large  extent,  (in 
potential  uses  with  sjiecial  reference  to  possible  comiieting  materials. 

An  important  potential  use  of  Iumaric  acid  could  be  lor  con¬ 
version  to  maleic  acid  which,  as  the  anhydride,  is  consumed  in 


H-C-COOH 

II 

ii()()(.-c:-n 

l  iiniarir  acid  (Irans) 


n-c-cooii 

h_c!-(;o()h 

Maleic  acid  (cis) 


|„,ge  .|uanli(ics  in  symhctic  resins  an.l  ...  ,,a...ls  a...  v,.... 

■I  his  C<...ve.sin..  is  ac«,...i>lishe<l  si...|.ly  l.y  1'^....,,  .. 

'.‘a  snU.cn...  Hnwevc  ii.e  p.evaili.,g  l.elicf  ...  .he  c  .c....c.a 

‘i„clnst.y  u.aay  is  that  the  ...an,.lam..e  ol  ...ale.e  ae.a 
acid  is  c.).)siaeral>ly  more  expens.ve  tlia..  the  p.  otlt.t  t.on  o 
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anhydride  by  vapor-phase  oxidation  of  benzene,  using  metallic 
catalysts  and  atniosjjheric  oxygen: 


CO 


CH  / 

^  *^01  HC 


/  \ 

\ 


o  +  CO.,  +  H.,0 

/ 


II 


II 


HC 


HC 


\ 

CH  \ 


CO 

Maleic  anhydride 


Benzene 


This  is  particularly  true  when  the  price  of  fermentation  carbo¬ 
hydrate  is  abnormally  high.  Should  a  need  for  fumaric  acid  per  se 
develop,  the  microbiological  jnocess  would  stand  its  best  chance 
for  success.  Considerable  attention  is  given  to  the  development  of  a 
fumaric  acid  market  by  one  of  the  two  patent  assignees  of  this 
j>rocess,  namely  Chas.  Pfizer  and  Co.,  Inc.,  ol  Brooklyn,  N.  Y.  I'his 
company  evidently  produces  microbiological  fumaric  on  a  pilot- 
plant  or  small  scale  to  supply  the  existing  relatively  minor  markets 
and  especially  to  make  available  fumaric  acid  for  pilot-plant  ex¬ 
perimentation  on  possible  new  uses.  As  the  cost  of  fumaric  acid 
diminishes  with  exjjanded  production,  one  can  expect  that  it  may 
displace  certain  other  raw  materials  in  manufacturing  oj^erations 
as  well  as  find  new  uses. 

Regarding  possible  uses,  iu  general,  lumaric  acid  tyj^e  resins 
have  no  advantage  over  the  cheaper  maleic  anhydride  resins. 
Another  serious  deterrent  to  the  use  of  fumaric  acid  resins  is  the 
high  quality  ol  j^hthalic  anhydride  resins,  phthalic  anhydi  ide  being 
much  cheaper  than  the  C,  dicarboxylic  acids. 

In  some  cases,  lumaiic  acid  resins  have  jjhysical  and  othei 
advantages  and  thus  sj)ecial  applications  which  make  them  superioi 
to  other  resms  within  the  same  cost  range.  4'his  is  true  of  the  maiiu- 


lactuie  ol  piintei  s  ink.  Jumai  ic  acid  also  yields  glycerol-type  resins 
which,  used  in  varnishes,  have  desirable  jiioperties  of  hardness  and 


cerol-type  resins 


could  be  used  as  a  maleic  substitute. 
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A  possible  outlet  on  a  minor  scale  is  based  on  the  fact  that 
inagnesitiin  and  sodium  salts  ol  lumarate  have  a  cathartic  action 
similar  to  citrates.'^' 


()R(;ANISMS  producing  fumaric  acid 


liecause  ol  its  role  in  intermediary  oxidative  metabolism  first 
perceived  by  Szent-Gybrgyi  and  lormulated  in  the  well  known  (j, 
dicarboxylic  acid  cycle  and  later  embodied  in  the  Krebs  tricarboxylic 
acid  cycle  of  respiration,  fumaric  acid  is  probably  produced  in  all 
living  cells.  At  least,  one  may  say  the  two  cycles  (the  first  is  really 
a  part  of  the  secoiul)  are  virtually  universal  in  biological  systems. 
T  hough  little  work  has  been  done  actually  to  demonstrate  this 
point  in  fungi,  there  is  no  question  that  these  mechanisms  operate 
in  some  fungi. However,  the  formation  of  fumaric  acid  by  all 
cells  for  jjerformance  in  intermediary  oxidative  metabolism  is  quite 
a  different  matter  from  the  formation  of  fumarate  by  certain  rare 
organisms  as  a  cumulative  entl  product  of  metabolism.  In  the 
first  case,  the  fumarate  is  produced  in  catalytic  (]uantities,  is  retained 
within  the  cells,  and  is  in  a  dynamic  state  of  eejuilibrium  between 
malic  and  succinic  acids,  being  continuously  regenerated  from  these 


acids.  In  the  rare  cases  mentioned  before,  the  lumaric  acid  is 
excreted  from  the  cells  and  accumulates  in  bulk  in  amounts  repre¬ 
senting  a  stibstantial  proportion  of  the  carbohydrate  being  con- 
stuned  and  no  longer  participates  in  metabolism. 

So  far  as  is  known,  fumaric  acid  inoduction  is  confined  to 
filamentous  fungi.  In  only  a  few  very  specific  ones  is  this  ability 
well  developed  and  these  are  the  ones  of  potential  industrial 
interest.  T  hey  belong  principally  to  the  order  Mucorales  in  the  class 
rhycomycetes.  T  hough  main  attention  has  been  given  to  the  genus 
Rhizopus,  specihcally  R.  nigricans,  fumaric  acid  production  tc 
varying  degrees  is  known  to  be  a  proiJerty  also  of  several  othei 
genera  within  the  order,  vi/;  Mucor,  CunninghameUa  and 
Circinella.'^  Thus,  this  property  seems  to  be  wides])read  among 
members  of  the  Mucorales,  although  six  different  strains  of  Ahsidia 
two  of  Rhycomyces,  one  of  Syncephalastrum  and  one  of  Mortierella 
tested  under  the  same  conditions  as  the  before-mentioned  three 
Penera,  were  negative  in  this  regard.  However,  the  chances  arc 
lhkkI  that  this  may  be  a  matter  of  strain  specificity  since  of  the 
Genera  registered  as  |K)sitive,  fumaric  acid  accumulation  was  chaiac 
Li, tit  t.Lfilv  six  otit  t.l  ten  sltains  cl  K/ttzo/nc  mgnmm.  one 
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of  eleven  Mucor  and  one  of  six  Cunninghamella.  Strain  specificity 
is,  therefore,  jnst  as  important  in  regard  to  this  property  as  it  is  in 
the  host  of  other  known  physiological  processes  in  microorganisms. 

Although  large  accumulations  ol  himarate  now  arc  known  only 
among  the  Mu(  ovules,  it  is  a  fact  that  fnmarate  has  been  isolated 
in  small  amounts  trom  numerous  other  inngus-culture  filtrates, 
generally  accompanied  by  larger  amounts  of  several  other  more  or 
less  related  acids.  It  is  not  to  be  doubted  that  intense  micro¬ 
biological  research  could  imjirove  substantially  the  yields  in  these 
cases,  but  the  ellort  is  scarcely  justified  considering  the  high-yielding 
organisms  already  known.  Examjdes  of  organisms  which  have  been 
reported  to  produce  fumaric  acid  are:  Peuicillium  griseo-julvinnf^ 
Aspergillus  glaucusr'*  A.  flnvus,  A.  ouiki,  and  A.  wentup'^  and 
Caldariomyces  funuigo/'  There  is  little  doubt  that  systematic  re¬ 
search  would  reveal  many  other  fungi  which  produce  from  car- 
bohydrates  small  amounts  of  fumaric  acid  in  admixture  with 
related  acids. 

One  Aspergillus,  now  only  ol  academic  significance,  was  isolated 
and  described  by  the  eminent  German  botanist  Carl  WT'hmer’’^ 
some  30  years  ago  as  giving  such  extraordinarily  high  yields  ol 
lumarate  Irom  sugar  (up  to  70%  weight  conversion  yield)  that  he 
named  it  Aspergillus  fumaricus.  However,  WThrner^’’  reported  that 
through  continued  transfer  in  the  laboratory,  stock  cultures  of  this 
organism  underwent  jjhysiological  degeneration,  losing  almost  en¬ 
tirely  its  lumaric  acid  j^owers  and  accpiiring  instead  the  ability  to 
produce  citric  and  gluconic  acids  abundantly,  similarly  to  many 
otlier  Asjx'rgilli.  Schreyer-®  made  intensive  efforts  to  restore  the 
lumaric  acid  j)roducing  poweis  ol  this  organism  by  testing  it  under 
a  great  variety  ol  dilierent  nutrient  conditions,  but  was  unsucccss- 
lul.  Shortly  afterward,  small  amounts  of  fumaric  acid  were  obtained 
l)y  Thies^’’  when  the  fungus  was  cultivated  submerged  by  bubbling 
oxygen  through  the  culture  liquid.  Though  no  other  Aspergillus 
comparable  to  A.  fumaricus  has  since  l)een  described,  Wehmer’s 
discovery  is  proof  of  their  existence  in  nature.  Failure  to  jnocure 
such  organisms  merely  means  they  have  not  been  systematically 


sought. 

The  C;erman  biochemist,  Felix  Fhrlich,’  discovered  in  1911  the 
high  fumaric  acid  producing  jmtentialities  of  Rhizopus  uigricans 
and  the  great  majority  of  work  since  his  time  has  been  doiie  with 
this  organism,  formerly  known  as  Mucor  stolonifer.  As  mentioned 
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l)C'lorc,  not  all  strains  ot  this  species  j)rotluec  finnaric  acid,  nor  are 
yields  toinparable.  In  one  instance,  strain  specificity  (i.e.,  funiaric 
acid  protlncing  ability)  was  associated  with  sexuality  in  these 
heterothallic  lungi,  the  male  or  (-f)  face  being  a  high  fumarate 
yielder,  whereas  the  female  or  ( — )  race  produced  not  a  trace.'® 
Ihifortunately  the  impossibility  of  germinating  the  sexual  body 
(zygote)  in  these  organisms  and  the  multinucleate  character  of  the 
sjiorangiospores  (asexual  spores)  j>recludes  any  attempt  to  increase 
the  fumaric  acid  producing  powers  of  this  organism  by  hybridization 
and  other  standard  genetical  approaches. 

Interesting  physiological  differences  were  revealed  between  the 
two  highest  yielding  strains  of  lihizopus  nigricans  obtained  from  10 
tested  by  Foster  and  \Vaksman.'‘*  These  differences  were  most 
evident  in  preformed  mycelium  rejdacement  cultures.  In  strain  No. 
15,  practically  all  of  the  acidity  formed  was  fumaric  acid,  but  in 
strain  No.  .S5  substantial  amounts  of  other  acids  were  produced  con¬ 
comitantly,  only  55%  of  the  total  being  accountable  as  fumaric  acid. 
Preformed  mycelium  from  strain  No.  45  produced  appreciable 
amounts  of  fumarate  anaerobically  as  well  as  aerobically,  but  strain 
No.  .85  was  active  aerobically  only.  I'his  feature  is  discussed  in 
detail  in  the  section  on  mechanisms. 

d'he  importance  of  strain  specificity  is  underscored  by  the  fact 
that  numerous  different  species  of  Rliizopus  produce  high  yields  of 
lactic  acid  with  none,  or  only  traces,  of  fumaric  acid  and  others 
produce  varying  mixtures  of  the  two.  Of  sixteen  strains  of  Rhizopns 
tested  in  three  media  in  surface  culture,'"®  R.  delemar  gave  the 
highest  yields  of  fumarate  (58.8%  of  glucose  consumed),  but  this 
was  accomjjanied  by  19.4%  yield  of  lactic  acid. 

SUBMERGED  PRODUGl  ION  OF  FUMARIC  ACID 


d'his  method,  as  comjjared  to  the  traditional  surlace-cidture 
technitjue,  is  the  only  economically  feasible  microbiological  ap- 
proach  to  industrial-scale  biological  production  of  fumaric  acid,  yet 
jiaradoxically,  virtually  all  the  jiublished  information  on  this  aspect 
is  limited  to  the  scanty  description  contained  in  the  two  patents 
covering  this  process,  d'hese  were  issued  in  1918  simultaneously  to 
Waksman®"  and  to  Kane,  Finlay,  and  Amaiin.""  Both  jiatcnts  were 
■issimied  each  one-half  to  Merck  and  Cio.,  Inc.,  Rahway,  N.  j.  and 
to  Chas.  Pfizer  and  Co.,  Inc.,  Brooklyn,  N.  5'.  Submerged  production 
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is  discussed  in  several  papers. 
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Tlie  VVaksnian  patent  stresses  the  prcKluction  ol  iuinaric  acid 
in  growth  cultures  and  in  replacement  cidtures,  whereas  the  patent 
ot  Kane  ct  ol.  stresses  only  the  growth  phase.  Koth  patents  aie  veiy 
similar.  The  essence  of  the  process  may  be  represented  by  citing 
Example  1  given  in  the  patent  of  Kane  et  ol.: 

“2.7  liters  of  a  10%  invert  sugar  solution  plus  180  grams 
calcium  carbonate  (and  small  amounts  of  nutrient  salts) 


were  sterilized  under  steam  pressure  and  introduced  into  a 
rotary  drum-tyjje  lermentor.  Alter  inoculating  with  50  cc. 
of  a  selected  lihizopus  nigrianis  culture,  the  drum  was 
started  rotating  at  approximately  15  R.P.M.,  while  being 
maintained  at  .S8°C  and  under  a  pressure  of  two  atmos¬ 
pheres;  at  the  same  time,  a  current  of  air  was  kept  passing 
through  the  fermentor.  At  the  end  of  four  days,  the  fer¬ 
mentation  was  stojjped  and  the  solution  was  analyzed,  145 
grams  of  fumaric  acid  and  24  grams  of  invert  sugar  were 
found.” 

Thus,  143  g  of  fumaric  acid  were  })roduced  from  270 — 24=246 
g  of  invert  sugar  consumed  giving  a  143/246X1^0=58%  weight  con¬ 
version  yield.  Usually,  the  figure  ol  64.4%  is  taken  as  the  theoretical 
maximum.  However,  this  ceiling  figure  is  based  on  the  assumption 
that  the  C/  acid  formation  takes  place  exclusively  via  an  aerobic 
C.  C.  condensation  (see  later).  This  is  now  known  to  be  a  fallacy, 
for  another  mechanism,  independent  ol  oxygen  and  involving 
cai  l)on  dioxide  fixation,  has  been  established  to  occur  in  a  high- 
yielding  strain  ot  RJiizopus  nigricans.  4’his  means  that  the  theoreti¬ 
cal  maximum  is  some  sidjstanlially  higher,  but  as  yet  unascertained, 
value  than  64.4%. 

1  he  described  means  of  agitation  and  aeration  are  not  critical 
and  other  methods  are  possible.  Instead,  on  a  production  scale,  the 
use  of  high-speed  propellers  in  a  stationary  tank  is  the  jneferred 
method  ol  agitation,  air  meanwhile  being  introduced  into  the 
culture  liciuor  in  the  region  under  the  propeller.  For  a  carbohydrate 
source,  the  patents  specify  a  variety  of  carbohydrates,  including 
glucose,  Iructose,  sucrose,  invert  sugar,  maltose,  molasses,  and 
snups,  the  various  starches,  grains,  malted  grains,  cereal  products 
and  other  materials  containing  any  of  these  substances. 

rhough  the  cited  example  does  not  mention  it,  the  culture 
filtrate,  .  it  were  fully  neutralized  by  the  calcium  carbonate,  would 


consist  of  a  7.1%  solution  of  calcium  lu 


iiiaiate,  almost  three  times 
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tlie  solubility  ol  this  salt  at  80°(:.  riicrelorc,  by  the  end  ol  this 
leriucntation,  there  must  have  been  copious  crystalli/ation  oi  cal¬ 
cium  lumarate,  which,  as  a  matter  ol  lact,  jjrobably  stojipetl  the 
process. 

W^ith  the  exception  ol  the  two  patents,  published  inlormation 
dealing  with  submerged  production  oi  iumaric  acid  is  scanty  and 
one  is  per  force  obliged  to  extrapolate  data  available  in  the  con¬ 
siderably  more  numerous  jjidilications  dealing  with  suriace  cidti- 
vation. 

SURFACE  PRODUCrriON  OF  FUMARIC  ACID 

Fhough  oi  no  j)roduction  signiiicance,  a  great  deal  oi  study 
has  been  given  to  the  iormation  oi  iumaric  acid  in  suriace  or 
stationary  cultures  oi  Rhizopus  nigricans  and  almost  all  this  in- 
iormation  is  more  or  less  descriptive  oi  events  in  submerged  culture. 

Medium  (’onstitueiits 

Nitrogen  Source 

Strains  oi  Rhizopus  are  jnototrophic  with  respect  to  amino 
acids  and  growth  iactors  and  develop  rajndly  and  abundantly  in 
inorganic  nitrogen-salts-glucose  media.  Like  most  membeis  oi  the 
Mucorales,  these  organisms  cannot  make  use  oi  nitrate  nitrogen, 
but  they  utilize  ammonium  nitrogen.  Many  different  torms  ol 
organic  nitrogen  are  also  suitable,  including  urea.  Doubtless  these 
substances  liberate  ammonia  in  which  lorm  the  nitrogen  is  assimi- 
latetl.  Ordinarily,  ammonium  chloride  or  ammonium  sullate  aie 

used  as  nitrogen  sources. 


Carbohvurate 

Simjde  hexoses  and  starch  can  be  utilized  by  species  of 
Rhizopus  which  indeed  are  among  the  most  iiowerlul  diastatic 
fungi  known.  Starch  has  the  disadvantage  that  it  gels  at  1  to  5% 
concentration,  whereas  higher  concentrations  of  carbohydrate  are 
essential  for  most  economical  production  ol  lumarate.  Suciose,  anc 
thus  molasses,  is  useless  lor  Rhizopus  nigricans  as  the  fungus  lacks 
invertase.  However,  simple  pretreatmeut  with  mineral  acid  oi 
invertase  preparalioiis  diangcs  tl.c  sucrose  to  tuvert  sugar,  whult  is 
iitili/alile.  Inuliu-containingsulislames  (levulam)  can  also  he  us  c  . 
Applicatiou  ol  mule  carl, ohyclra.es  always  results  u,  a 
growth  of  the  orgauistus  cl.tc  to  orgauu:  tutrogcnous  and  uio.gatuc 
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impurities.  The  increased  growth,  in  turn,  creates  aeration  dif¬ 
ficulties,  especially  in  submergc'd  cultures. 

I'he  concentration  of  carbohydrate  essential  lor  inaxiinum 
fumarate  production  and  conversion  yield  lies  between  5  and  10%, 
the  exact  value  depending  somewhat  on  other  nutritional  lactois. 
The  maximum  weight  yield  of  fumarate  does  not  necessarily  coin¬ 


cide  with  the  maximum  efficiency  of  conversion  of  carbohydi ate. 
Depending  on  the  conditions,  it  may  be  expedient  to  sacrifice 
efficiency  of  conversion  in  the  interests  of  a  speedier  process  of 
somewhat  lower  conversion  efficiency,  this  giving  the  highest 
economic  output  per  hour  from  the  culture. 

In  rejdacement  cultures  using  preformed  surface  mycelium, 
the  conversion  yield  of  fumarate  from  glucose  is  inversely  jjro- 
portional  to  the  initial  glucose  concentration,  as  seen  in  Table  52. 
Though  the  largest  weight  yield  of  fumarate  was  obtained  with 
15%  glucose,  the  conversion  efficiency  on  the  basis  of  glucose  con¬ 
sumed  was  only  30.1%  as  comjiared  to  40.9%  with  2.5%  glucose 
concentration. 


Table  52.  C.\RBOHYI)RATE  CONCENTRATION  AND  FU- 


MARIC  ACID  CONVERSION  EFFICIENCY  IN  li. 
nigricans  REPLACEMENl'  CULTURES 


Initial  glucose 

Glucose 

Fumaric  acid 

concentration 

consumed 

formed 

C.onversion 

% 

g 

g 

% 

2.r) 

3.32 

1 .56 

46.0 

5.0 

6.75 

2.65 

30.3 

10.0 

10.58 

3.56 

33.7 

15.0 

12.22 

3.68 

30. 1 

20.0 

10.06 

2.00 

20.7 

25.0 

10.44 

1 .05 

18.7 

.SO.O 

5.13 

0.63 

12.3 

■to.o 

5.13 

0.40 

7.8 

.Soiirce:  Foster  and  VVaksinan.'-’ 

In  reality. 

the  carbomnitrogen 

ratio  of  the 

medium  is  the 

crucial  factor,  d'he  explanation  for  this  may  be  found  in  the 
theory  of  shunt  metabolism  detailed  elsewhere  by  Foster.”  Using 
a  5  to  10%  hexose  solution,  the  carbon: nitrogen  ratio  for  maximum 
fumarate  yields  should  range  between  50:1  and  100- 1  Concentra 
tions  of  sugar  exceeding  10%  reduce  the  rate  of  sugar  consumption. 
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Minerals 

T  he  usual  biological  elements  must  be  acklecl,  especially  it  a 
purified  carbohydrate  is  used.  C)t  greatest  significance  according  to 
Foster  and  W'aksman''*  is  the  trace-element  nutrition,  /inc  in  par- 
ticidar.  It  goes  without  saying  that  certain  trace  elements,  notably 
copjier,  manganese,  iron,  zinc  and  jiossibly  a  tew  others  must  be 
present  in  order  to  obtain  any  growth  ot  lihizopus  )iigricans,  (3r  any 
other  tungus.®  Wdien  these  are  not  purposely  added  to  the  medium, 
the  only  reason  tor  occurrence  ot  growth  is  because  they  are  present 
as  imjiurities  in  the  medium  ingredients,  distilled  water,  glassware, 
etc.,  in  amounts  sutfic  ient  to  give  growth.  Dilterent  batches  ol  media 
may  vary  in  their  content  ol  impurities  and  give  variable  amounts 
ot  growth. 

Ot  the  trace  elements,  zinc  appears  to  be  cpiantitatively  and 
cpialitatively  most  imj)ortant.  44iis  is  because  there  is  an  inverse 
relation  between  the  amount  ot  cell  material  synthesized  (growth) 
and  tumaric  acid  produced.  In  other  wcjrds,  each  can  be  tormed  in 
large  yields  only  at  the  expense  ol  the  other.  This  balance  is  par- 
ticidarly  suscejJtible  to  zinc.  1  bus  when  the  zinc  content  is  limiting, 
the  I'umarate  yields  will  be  maximum,  other  tactors  being  snitable. 
The  precise  amount  ot  zinc  to  be  added  in  cmlcr  to  establish  the 
proper  btdanc'e  will,  ol  course,  depend  on  the  amount  piesent  as  an 
impurity,  and  will  have  to  be  determined  under  each  set  ot  operat¬ 
ing  conditions;  but  in  general,  zinc  should  be  limiting.  Wdien  ernde 
natural  materials  are  used,  such  as  grain  mashes,  invert  molasses, 
etc.,  it  is  necessary  to  remove  zinc  and  other  growth-})romoting  sub¬ 
stances  already  |)resent  in  excess.  Table  58  exemplifies  the  protound 
inlluence  ot  zinc  on  the  metabolism,  ot  a  tumaric  acid  producing 
strain  ot  Rhizopus  nigricans. 


Faulk  58.  EFFFC 1  OF  ZINC  ON  (;RO\VrH  AND  FUMA- 
RA  I  F  FRODUC'FION  BY  Rhizopus  nigricans  PER 
200  ME  SURFACE  CUl/FURE 


— 

Fumaric 

.\iinnonia 

Fotal  acidity 

( .luc'osv 

acid 

nitrogen 

due  to 

(onsiinicd  | 

) rod  need 

Conversion 

consumed 

fumaric  acid 

R 

R 

% 

niR 

% 

/.inc  al)sent 

2.3.') 

.50.0 

31.0 

100 

5  ing  ZnSO^'VH^O 

added  YOl) 

0.45 

8.9 

82.1 

71 

.Source:  Foster  and  Waksinan.*'* 
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Growth  was  two  and  one-halt  times  greater  in  the  culture 
containing  zinc,  using  ammonia  consumption  as  a  criterion,  yet 
the  yield  ot  tuniaric  acid  in  this  culture  was  less  than  one-filUi  that 
ot  the  control  containing  no  zinc.  1  he  presence  ot  zinc  evidently 
residts  in  increased  synthesis  ol  cell  protoplasm  with  deci eased 
tumaric  acid  production.  Another  indication  ot  altered  metabolism 
due  to  zinc  is  that  when  this  element  was  present,  appreciable 
amounts  ot  acids  other  than  tuniaric  were  tornied  whereas  almost 
no  other  acidity  was  jiresent  in  the  zinc-deticient  cultures. 

Miksch,  Rauch,  Mielke-Miksch,  and  Bernhauer^^  obtained, 
how'ever,  increased  yields  ot  tumarate  by  addition  ol  zinc  ion. 
I'heir  data  show  that  the  balance  between  zinc  and  other  trace 
elements  dictates  the  response  to  zinc,  which  may  be  a  positive  oi 
a  negative  one.  Thus,  0.6  mg  %  ol  CuS04*5H20  increased  the 
tumarate  yield  by  3.H%,  but  1.0  mg  %  ZnSOj'THaO,  in  addition, 
resulted  in  a  74%  reduction  in  tumarate.  Also,  zinc  overcame  the 
toxic  eftect  ot  higher  concentrations  ot  cojiper  ion. 


Neutralizing  Agents 

The  very  earliest  workers  with  RItizopus  nigricans  noted  that 
the  organism  coidd  not  tolerate  high  acidity  and  that  both  growth 
and  tumarate  lormation  and  accumulation  were  greatly  enhanced 
by  the  jiresence  ot  neutralizing  agents.  Galcium  carbonate  has  been 
widely  used  tor  this  purpose  in  physiological  studies  rejiorted  in 
the  literature  (also  calcium  hydroxide),  but  has  the  disadvantage 
that  the  solubility  ot  calcium  tumarate  is  not  as  high  as  is  desirable 
tor  building  up  the  economically  teasible  highest  concentrations  ot 
(his  salt.  At  .H0°G,  its  solubility  is  approximately  2.5%.  The 
solubility  ot  the  sodium  salt  exceeds  20%,  and  Rauch,  Miksch, 
Mielke-Miksch,  and  Bernhauei'”  report  weight  conversion  yields 
ot  40%  ol  the  glucose  consumed  when  sodium  carbonate  was  used 
as  a  neutralizing  agent  to  maintain  the  reaction  between  pH  5  and 
6  (methyl  red  indicator).  The  advantage  ot  calcium  carbonate  is 
its  insolubility,  permitting  the  addition  ot  an  excess  rvhich  neu¬ 
tralizes  the  tumaric  acid  as  it  is  tormed.  Addition  ot  soluble 
alkalies,  like  hydi oxides  ot  calcium,  sodium,  or  potassium,  would 
have  to  be  done  virtually  continuously  during  the  lermentation  to 
secure  the  necessary  pH  control. 

When  calcium  carbonate  is  used,  it  is  sterilized  separately  trom 
the  medium  and  then  added  aseptically.  This  prevents  generation 
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ot  toxic  or  retarding  suljstaiices  Iroiii  simple  carboliydrates  caused 
l)y  heating  in  tlie  presence  of  alkalies. 

I  he  crystallization  ol  calcium  iumarate  in  the  culture  is  a 
serious  obstacle  to  a  commercial  microbiological  process.  Near  the 
saturation  point,  the  culture  solution  becomes  very  viscous.  In 
surtace  cidture,  crystallization  begins  on  the  bottom  ot  the  vessels 
and  on  the  lower  surtace  ot  the  mycelial  pad.  Eventually,  the 
crystallized  calcium  tumarate  becomes  so  abundant  that  the  entire 
body  ot  liquid  sets  in  the  torm  ot  a  stitt  gel  due  to  the  hydrophilic 
nature  ol  the  salt.  Ehe  situation  in  sidjmerged  cultures  was  de¬ 
scribed  in  the  j>revious  section. 


Air  Supply 

An  excess  ot  oxygen  is  essential  tor  maximum  tumaric  acid 
yields.  I'he  best  demonstration  ot  this  teature  is  that  shallow  layers 
of  medium  give  more  tumarate  in  both  surtace  and  shake  (sid)- 
merged)  cultures.  It  is  also  critical  in  tank  (submerged)  production. 
Oxygen  tieficiency  and  lowered  tumarate  yields  are  always  reHected 
in  the  accumulation  ot  the  other  major  product  ot  metabolism,  a 
reduced  compound:  ethyl  alcohol. 


Selective  Poisons 

Miksch  anti  coworkers"^  point  the  way  to  higher  yields  ot 
tumaric  acid  by  artificially  distorting  the  metabolism  ot  R.  delemar 
by  specific  poisons.  I  hus  0.1%  p-benzoquinone  increased  fumarate 
yield  values  from  52.2%  iqj  to  07.0%,  at  the  expense  ot  ethanol 
anti  lactic  acid  ordinarily  accompanying  the  tumarate.  Other 
poisons,  such  as  selenium  salts,  sodium  Huoritle,  anti  iodoacetic  acid 
selectively  inhibitetl  tumarate  lormation  anti  corresj)ontlingly  in- 
tlucetl  higher  yieltls  ol  ethanol. 


Reuse  of  Preformetl  Mycelium 

The  reuse  of  pretormetl  mycelium  may  be  a  very  important 
practical  aspect  ot  the  tumaric  acitl  protess,  as  it  has  been  m 
physiological  studies  ot  the  mechanism  ot  formation  ol  tumanc  acid. 
After  growth  has  reached  a  peak,  or  the  nutrient  medium  is  ex¬ 
hausted,  the  mycelium  is  sejiaratetl  from  the  bulk  ol  the  hquitl  by 
tlecantation  (in  the  case  ot  submergetl  growth,  by  centrilugation. 
filtration,  or  the  flotation  techniiiue  ot  Forges,  Clark  and  Cas- 
trock-'*).  A  fresh  sterile  sugar  solution  and  sterile  neutralizing  agent 
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are  now  introduced  into  the  vessel  and  incubated  in  the  noiinal 
way.  Attack  on  the  sugar  and  fumaric  acid  production  begins  at 
once  and  at  maximum  rate.  Since  only  a  small  part  oi  the  substrate 
is  converted  to  cell  substance  (oxidative  assimilation),  maximum 
conversion  yields  of  fumarate  can  be  obtained.  There  is  no  lag 
phase,  nor  time  lost  corresponding  to  that  required  lor  synthesis  of 

cell  material  in  a  growing  culture. 

A  single  lot  of  mycelium  treated  in  this  way  can  be  used 
through  several  consecutive  sugar  replacements  with  little  i eduction 
in  efficiency.  Adoption  of  this  technitpie  }mts  the  }n()cess  on  a 
semicontinuous  basis.  It  works  satisfactorily  both  in  surface  and 
submerged  cidtures. 

MECHANISM  OF  FORMATION  OF  FUM.\R1C  ACID 

I'he  mechanism  of  fumaric  acid  formation  has  been  studied 
extensively  by  Butkevich  and  Fedorov,''^-'’-*  by  Foster  and  co- 
workers,‘''  '^  '“''  and  several  others.  Following  the  proposal  of 
Gottschalk,’”  most  workers  in  the  field  assume  that  classical  alcoholic 
fermentation  of  the  carbohydrate  precedes  the  actual  fumaric  acid 
mechanism.  I'his  process  is  anaerobic.  The  second  phase  is  oxida¬ 
tive,  or  aerobic.  The  alcohol  is  oxidized  to  acetate,  two  molecules 
of  which  condense  via  the  Idmnberg-Wieland  condensation  to  yield 
one  molecule  of  succinic  acid,  which,  by  dehydrogenation,  is  con¬ 
verted  to  fumaric  acid. 


(lecai  boxvlatioii 

^  - >  2CH3«(;()*C00H  - ^ » 

Hcxosc  — Pyruvic  acid  -(-4H 


CHCOOH  CH/OOH 


11 

1 

-2H 

CHCOOH  0 

1 

CH3COOH 

0 

Euiuaric  acid 

Succinic  acid 

2  C.H3(:H3C)H  +  2  CO3 
Ethyl  alcohol 

+  0 

2  c;h3c;o()h 

Acetic  acid 


Two  major  lines  of  evidence  support  the  genesis  of  C,  from 
jjrecursors;  (1)  Preformed  mycelium  converts  alcohol  or  acetate  into 
fumaric  acid  in  high  yields;  (2)  alcohol  accumulates  during  the 
early  stages  when  sugar  is  being  utilized  by  the  fungus  and  fumarate 
yiekls  aie  low.  Latei,  w’hen  the  sugar  is  tlepleted,  fumarate  forma¬ 
tion  continues,  w’ith  a  simultaneous  drop  in  the  alcohol  content. 

Attractive  as  this  theory  is  to  interpret  lumarate  formation 
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lioin  Co,  there  still  iniist  be  eliminated  the  possibility  of  the  origin 
ot  the  C-,  acid  via  a  conijjlete  tricarboxylic  acid  cycle  schematically 
represented  as; 


+  c._, 


—  CX)., 


-  CX)„ 


c. 


c  : 


c  ; 


cn-Aconitic  acid  a-Ketogliitaric  acid  Funiaric  acid 


In  this  case,  the  fnmaric  acid  results  from  oxidation  ot  by  small 
catalytic  amounts  ot  C,  already  present  in  the  cells.  However,  the 
lormation  of  each  molecide  of  C,  by  this  mechanism  requires  a  C4 
to  begin  with;  and  starting  with  Co  as  the  sole  substrate  the  maxi¬ 
mum  molar  yields  obtainable  would  be  66.7%.  Yields  of  fumarate 
in  excess  of  this  figure  have  been  obtained  from  ethanol  by  Rhizopus 
nigricans^^  and,  therefore,  this  mechanism  cannot  be  the  sole  inter¬ 
pretation  of  fumarate  formation  in  this  system. 

Experiments  with  labeled  carbon  dioxide  as  a  tracer  and  with 
nonlabeled  ethanol  as  the  sidjstrate  show'®  '''  that  carbon  dioxide 
enters  only  the  carboxyl  groups  of  the  fumaric  acid  (and  the  small 
amounts  of  succinic  and  malic  acids  formed  simultaneously). 

When  2-C'^-ethanol  was  used  as  a  substrate,  carbon  atoms  2 
and  3  of  the  fumaric  acid  j^roduced  arose  exclusively  from  carbon 
atom  2  of  the  ethanol.  The  carboxyls  also  were  lal)eled.  When 
1 -C'^'-ethanol  was  used  as  a  substrate,  carbon  atoms  1  and  4  (car¬ 
boxyls)  of  the  fumarate  were  labeled  and  no  labeling  was  lound  in 
carbons  2  and  ,H.  I'hese  findings  tvere  interpreted  as  sujiporting  the 
formation  of  (i,  dicarboxylic  acids  xiia  the  Ehunberg-Wieland  re¬ 
action.  The  fact  that  carboxyls  became  labeled  when  2-C'‘‘-ethanol 
was  the  substrate  was  explained  in  two  ways:  (1)  operation  of  a 
resj)iratf)ry  cycle  anti  (2)  metabolic  exchange  between  carbon 
dioxide  and  carboxyls. 

If  the  'Ehunberg-W^ieland  reaction  does  occur  in  Rhizopus 
nigricans,  then  evidence  for  a  C,  dicarboxylic  acid  cycle  of  respira¬ 
tion  becomes  virtually  complete,  although  a  C.,  tricarlxixylic  acid 
may  well  ojierate  simultaneously  to  move  noncarlioxyl  lalieling  to 
carboxyl  jiositions.  Active  acetate  (2-(2'  acetate)  is  assumed  to  be 
the  condensing  form  of  C,  produced  from  ethanol.  Figure  65  shows 
how  the  C.  dicarboxylic  acid  cycle  operates  to  produce  labeled 
carboxyl  groups  from  labeled  methyl  grouiis.  It  can  be  seen  that 
after  the  first  cy(  le,  the  original  methyl-labeled  C:,  becomes  labeled 
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in  both  carbons.  'Fhe  resulting  particijjation  ol  the  doubly  labeled 
Co  accounts  tor  some  ol  the  labeling  ol  carboxyl  groujjs  ol  the 
dicarboxylic  acids. 

Labeling  ol  carboxyls  ol  C4  dicarboxylic  acids,  whose  net 
synthesis  is  indejjendent  ol  carbon  dioxide  fixation,  occurs  via  the 
reversible  Wood-Werkman  decarboxylation  ol  oxalacetate  or  via 
the  reversible  Ochoa  decarboxylation  ol  malate. 

The  mechanisms  ol  biosynthesis  ol  C,  dicarboxylic  acids  is  not 
yet  complete,  tor  recent  evidence^*  j^roves  that  labeled  tormic  acid  as 
a  tracer  enters  all  carbons  ol  (>,  dicarboxylic  acitls  tormed  trom 
glucose  by  R.  nigricans. 

\t  least  one  other  mechanism  tor  lumarate  lormation,  inde- 
j)endent  ol  C,  and  independent  ol  oxygen,  has  been  demonstrated. 
Using  a  high-yielding  strain  ol  Rhizopns  nigricans,  Foster  and 
Davis*'  showed  that  up  to  18%  ol  the  carbohyclrate  consumed,  i.e., 
about  one-third  ol  the  total  lumarate  lornied  aerobically,  results 
Irom  a  C.,  -  (i,  condensation  (VVood-Werkman  reaction)  in  the 
absence  of  oxygen.  Experiments  with  radioactive  carbon  dioxide 
had  demonstrated  qualitatively'“  the  occurrence  ol  this  mechanism. 
The  fixed  carbon  dioxide  was  shown  to  reside  in  the  carijoxyl  group 
of  the  lumaric  acid.  The  remainder  ol  the  utilized  sugar  undergoes 
the  usual  ahoholic  fermentation  and  some  small  amount  ol  lactic 
acid  is  also  formed. 


A  tyjjical  anaerobic  fermentation  balance 
nigricans  (Strain  No.  45)  is  given  in  Table  54. 

Table  54.  ANAEROBIC  FERMENTATION 
Rhizopus  nigricans  NO.  45 

lor  Rhizopus 

BALANCE  OF 

mg  per  ml 

millimoles 

(ducose  consumed 

2‘{.1-1 

0.129 

Fu marie  acid 

3.23 

0.028 

Fthyl  alcohol 

8.55 

0.180 

Lactic  acid 

4.00 

0.044 

Clarhon  dioxide 

7.90 

0.180 

Source:  Foster  and  Davis.** 
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The  following  scheme  is  used  to  represent  the  events  in 
anaerobic  sugar  utilization  by  this  strain  of  fungus: 

_  n  4H 


+  c;h3c;h() 

Acetakleliyde 

<r - 

+  2H 
CH3CH„0H 
Ethyl  alcohol 

_  HOH 

'  f 

HO()C:CH:CHCO()H 
Fumaric  acid 

In  essence,  this  scheme  represents  a  reduction  of  pyruvic  acid 
in  three  ways:  before  decarboxylation  (lactate),  after  decarboxyla¬ 
tion  (alcohol),  and  after  carboxylation  (fumarate  via  malate). 

Judging  from  a  rather  limited  number  of  tests,  it  appears  that 
not  all  fumaric  acid  forming  fungi  jiossess  the  anaerobic  mechanism. 
It  appears  distinctive  to  the  exceptionally  high-yielding  strains, 
which  obviously  have  both  mechanisms.  Here  then  is  one  explana¬ 
tion  of  strain  specificity  with  regard  to  fumarate  production:  Some 
organisms  possess  only  the  aerobic  mechanism,  and  others  both 
mechanisms.  High  tensions  ol  carbon  dioxide  specifically  inhibit 
the  anaerobic  lumarate-forming  mechanism  at  the  carbon  dioxide 
fixation  reaction.’^  The  concomitant  alcohol  fermentation  is  only 
retarded  under  these  conditions. 

RECOVERY  OE  ElJiMARlC  ACdl) 

I  he  letjuiiement  of  a  neutralizing  agent  makes  the  recovery 
step  one  of  the  costliest  in  the  inoduction  of  fumaric  acid.  Mineral 
acid  is  essential  to  liberate  free  acid.  On  account  of  its  very  low 
solubility  in  water  (0.7%  at  25°C),  fumaric  acid  will  readily 
crystallize  when  a  concentrated  solution  of  calcium,  sodium,  or 


+  2H 


Lactic  acid 


n  C;H,,C()0)C)H - *CO., 


HOOC>CH,COC:0()H 


+  2H 


HOOCC^HTHOHC.OOH 
Malic  acid 
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jjotassiuin  salt  is  acidificxl.  I  he  Iree  acid  is  easy  tcj  reerystallize 
lioin  hot  water.  1  he  recjuirenient  cjt  large  amounts  ol  mineral  acid 
in  this  step  is  an  important  cost  iactor  in  this  process.  'T  he  initial 
liberation  ol  himaric  acid  can  he  done  directly  on  the  culture 
filtrate.  1  o  secure  a  pure,  colorless,  crystalline  jjroduct,  the  crystal¬ 
lization  solution  is  decolorized  with  activated  carbon. 
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ITACONIC  ACID 

Lewis  B.  Lockxoood 


Itaconic  acid  lias  recently  been  marketed  to  the  chemical 
industry  lor  exjierimental  jmrjioses.  It  was  produced  in  pilot- 
jilant-scale  operations.  Large-scale  operation  ot  this  lermentation 
jirocess  will  depend  on  economic  factors,  such  as  raw  materials  cost 
and  demand  for  the  product,  as  well  as  economy  in  operation. 

Wdiile  it  has  been  known  for  many  years  that  itaconic  acid  is 
one  of  the  jiroducts  ol  the  pyrolysis  of  citric  acid,  it  was  only 
recently  discovered  to  be  a  metabolic  jiroduct  of  certain  fungi  of 
the  genus  Aspergillus.  Kinoshita*’'’  described  a  new  species,  Asper¬ 
gillus  itaconicus,  which  produced  itaconic  acid  and  mannitol  as 
the  jirincipal  products  of  the  metabolism  of  sucrose.  Yields  with 
A.  itaconicus  were  too  low  lor  industrial  use.  Calam,  Oxfoid,  and 
Raistrick^  obtained  a  5.9%  yield  ol  itaconic  acid  in  25  days,  using 
a  culture  of  Aspergillus  terreus.  Moyer  and  Coghill**  obtained  a 
yield  of  27  g  of  itaconic  acid  per  100  g  glucose  sup|)lied  to  cultures 
of  Aspergillus  lerreus.  Eleven  mutant  strains*"  obtained  by  irradia¬ 
tion  of  Moyer  and  Coghill’s  culture  with  ultraviolet  light  produced 
slightly  greater  yields.  However,  still  higher-yielding  strains  were 
isolated  from  natural  sources  and  are  now  used  in  experimental  anc 
,)ilot  plant  studies.  YiiilP"  recently  reported  the  simultaneous 
production  of  itaconic  and  kojic  acids  by  a  yellow  Aspergi  us. 
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Yields  ()1  itaconic  acid  as  great  as  20%  ol  the  sucrose  supplied  were 
found  in  cidtures  which  contained  calcium  carbonate.  1  he  calcium 
salts  of  both  itaconic  and  kojic  acids  crystalli/ed  tinder  the  pellicles, 
patent  has  been  issued  to  Kane,  Finlay,  and  Amann,''  ccjvering 
^the  production  of  itaconic  acid  frc^m  molasses  car  inv^ert  sugar,  in 
agitated  aerated  media,  in  the  presence  of  sodium  alginate.  Yields 
as  great  as  27.5%  are  claimed. 

RAW  MAI  FRIALS 

Glucose  was  the  raw  material  used  in  most  of  the  jaublished 
studies  on  the  prochiction  of  itaconic  acid  by  A.  terreus.  I'he  acid 
is  also  produced  when  sucrose  is  fermented.  Both  the  gluccase  and 
fructose  moieties  of  the  sticrcase  molecule  are  converted  etjually 
well  to  itaconic  acid.  5'ields  of  itaconic  acid  obtained  from  glucose 
and  sticrose  are  equivalent  on  a  hexose-tinit  basis.  Accordingly, 
molasses  should  be  the  cheapest  raw  material  for  this  fermentation. 


MECHANISM  OF  THE  FERMENT.VTION  REACTION 

The  mechanism  ol  the  itaconic  acid  fermentation  is  unknown. 
The  structural  and  chemical  relationshijjs  of  itaconic,  aconitic,  and 
citric  acids  suggest  that  one  of  these  compounds  may  be  a  pre¬ 
cursor  of  the  other,  or  that  both  itaconic  and  citric  acids  may  be 
derived  Irom  a  common  precursor. 


H.,c:-c;()()H 

‘  1 

H/’-COOH 

1 

HOC-COOH 

c:-c:()()H 

C-COOH 

hcLciooh 

II 

CH„ 

Oitric  acid 

.Vconitic  acid 

Itaconic  acid 

The  close  relationship  of  the  mechanisms  for  the  production  of 
Itaconic  and  citric  acids  is  also  suggested  by  the  marked  similarity 
ol  conditions  under  which  these  acids  accumulate  in  culture  media. 
The  optimal  pH  of  the  culture  solutions  for  the  production  of  each 
ol  these  acids  has  been  reiiorted  to  be  1.8.  This  pH  value  is  too 
low  lor  the  Aspergilli  to  make  their  greatest  yield  of  mycelium. 

CHLIURES  AND  CUE  EURE  MAINTENANCE 
AspergUlm  lenens  is  widespread  in  tlie  warmer  soils  of  the 
world.  There  are  great  tiilferet.ces  in  the  ability  of  isolates  to  pro- 
dnce  ttaeon.c  aetd,  so  that  seleetiot,  of  suitable  cultures  is  very 
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important.  1  he  mold  grows  well  on  either  semisolid  or  liqnid 
media.  On  C^zapek  agar  medimn,  it  produces  a  white  surlace 
myceliiim,  but  does  not  produce  a  good  supply  ol  spores.  On 
crude  vegetable-extract  media,  or  media  which  contain  malt  extract, 
wort,  or  corn  steep  licjuor  in  addition  to  glucose,  abundant  sporula- 
tion  occurs  rapidly.  I'he  malt-agar  slant  cultures  can  maintain 
viability  in  storage  lor  6  months  to  1  year  in  a  relrigerator  at  4° 
to  6°C.  I'he  spores  can  be  put  up  in  sterile  soil  according  to  the 
method  ot  Cireene  and  Fred,^  or  they  can  be  suspended  in  blood 
serum  anti  preserved  l)y  instantaneous  Ireezing  tol lowed  l)y  tlesicca- 
tion  Iroiii  the  Irozen  state,  haconit  acid  yields  ol  lyophilizetl 
cultures  storetl  by  this  method  are  as  good  as  those  obtained  untler 
the  same  conditions  prior  to  storage,  or  Irom  cidtures  which  have 
undergone  Iretjuent  transfer. 


DEVELOPMENT  OF  JNOCULA 
In  mold  lermentations,  the  prejjaration  ot  inocula  constitutes  a 
separate  j:)hase  ot  the  process,  tjuite  tlillerent  from  the  actual  ter- 
mentatioii.  Usually  sporidation  is  undesirable  in  the  final  ter- 
mentation  culture,  Imt  is  necessary  to  the  |)reparation  ot  a  good 
inoculum.  Consequently,  the  conditions  tor  the  development  ot 
inocula  are  markedly  dittereiu  trom  those  maintained  in  the  fer¬ 
mentation  cultures.  A  good  inoculum  is  characterized  by  the 
jjresence  ot  an  adequate  number  ot  spores  on  a  thin,  Iragile 
mycelium.  In  many  organisms,  sporidation  results  when  conditions 
become  unfavorable  tor  vegetative  growth,  due  either  to  starvation 
or  toxic  contlitions.  It  the  starvation  is  due  to  an  inatlequate  siqjply 
of  nutrients,  both  mycelial  growth  and  sporidation  may  l)e  re¬ 
stricted.  Physiological  starvation  on  account  ot  high  osmotic  pres¬ 
sure,  in  the  presence  ot  an  adeijuate  supply  of  nutrients,  Irequently 
results  in  the  production  ot  an  abundant  supjdy  ol  spores  on  the 
mycelia.  A  composition  ot  medium  which  meets  the  requirements 
tor  sj)orulation  and  mycelial  growth  ol  some  strains  ol  Aspertrillus 
terreus  is  as  follows:  glucose  monohydrate  22  g,  terric  tartrate  0.005 
g,  MgSOp7FLO  0.1  g,  KH.PO.  0.2  g,  NaNO.  1-2  g.  NaCl  55  g.  water 

to  make  1,000  ml. 
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be  the  easier  jjrocess  to  operate,  but  slightly  greater  yields  have 
been  rej^orted  ior  the  siirlace  process  than  lor  the  submerged  lei- 
mentation.  V^arious  lactors  aliecting  production  ot  itaconic  acid  by 
A.  terreus  have  been  discussed  by  Lockwc^od  and  Reeves,'”  Lock- 
wood  and  'Ward,”  Lockwood  and  Nelson,"  Lockwood  and  Moyer,'^ 
Nelson,  draufler,  Kelley,  and  Lockwood,''*  and  Pleiter,  Vojnovich 
and  Heger.''** 

In  the  surface  lermentation  process,  the  solution  is  lermented 
in  shallow  pans,  the  depth  ol  the  solution  being  1.5  to  2  in.  One 
scjuare  centimeter  c^l  sporulation  cidture  shoidd  inocidate  250  scj 
cm  of  surface  culture.  When  the  depth  is  1.5  in.,  1  stj  cm  of  in¬ 
oculum  mat  shciidd  inocidate  1  1  of  solution.  If  germinated  spores 
are  used  to  inocidate  shallow,  unagitated  cultures,  mycelium  forma¬ 
tion  on  the  surface  of  the  solution  will  take  a  day  or  two  longer 
than  is  retjuired  when  dry  spores  are  spread  evenly  over  the 
surface. 

suitable  nutrient  conijjosition  for  the  shallow-pan  process 
contains  per  1,000  ml:  glucose  monohydrate  275  g,  iMgS04*7H»0 
4.5  g,  NH.N()3  2.5  g,  NaCl  0.4  g,  ZnS()/7H,0  0.0044  g,  HNO:,  (sp. 
gr.  1.42)  1.6  ml,  and  corn  steep  licpior  4  ml.  Air,  saturated  with 
moisture  at  24°C,  is  blown  over  the  surface  of  the  culture  at  the 
rate  of  aji]n()ximately  1  1  per  minute  per  1,000  scj  cm  of  surface. 
The  fermentation  is  complete  in  12  days.  The  pH  of  the  solution 
is  approximately  2.2  during  the  lermentation  and  shoultl  not  rise 
aliove  2..H,  since  at  higher  pH  values,  itaconic  acid  is  metabolized 
readily  by  surface  growing  pellicles  of  A.  terreus. 


C.erminated  spores  are  sin  table  lor  the  inocidation  of  shaker 
(  ultures  in  which  the  mycelium  is  grown  submerged  in  the  solution. 
Such  inocula  may  l)e  employed  in  the  form  of  small  discrete 
spherical  pellets,  or  may  l)e  disj>ersed  uniformly  throughout  the 
medium.  large  inoculum  results  in  excessive  mycelial  growth 
and  little  itaconic  acid .  production,  bkse  ol  much  smaller  inocula 
results  in  lesser  mycelial  growth  and  larger  itaconic  acid  yields. 
Using  pellet-type  inocula  that  have  been  allowed  2  days  for  ger¬ 
mination  and  early  growth,  eight  to  sixteen  pellets  per  liter  of 
culture  solution  gives  the  best  acid  yields. 

A  nutrient  composition  satisfactory  for  the  production  of 
Itaconic  acid  in  shaker  cultures  should  contain  jjer  1,000  ml  glucose 
monohydrate  66  g,  iMgSO.*7H3()  0.75  g,  NH.NO,  2.5  g,  ferric  tar¬ 
trate  0.25  g,  corn  steep  Ikpior  4  ml,  HNO,  (sp.  gr.  1.42)  1.6  ml. 
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Sulfuric  acid  may  he  substituted  ior  the  nitric  acid.  It  is  necessary 
to  maintain  the  ])H  at  1.8  by  Iretjtient  addition  of  acid  or  ammonia 
as  required  during  the  fermentation.  4'he  lermentation  is  com¬ 
pleted  in  about  8  days. 

I  his  lermentation  process  has  never  been  operated  on  a  scale 
larger  than  pilot  plant.  If  itaconic  acid  is  manufactured  by  the 
surface-culture  method  it  is  possible  to  use  either  stainless-steel  or 
aluminum  pans.  Enough  aluminum  will  dissolve  in  the  mash  at 
pH  2.2  to  jirevent  growth  of  A.  terreus,  unless  the  magnesium  con¬ 
tent  of  the  mash  is  about  ten  times  as  high  as  that  ordinarily  used 
in  culture  media.  The  high  magnesium  content  of  the  medium  is 
advantageous  also  in  that  yields  of  itaconic  add  on  such  media  are 
considerably  greater  than  in  media  of  lower  magnesium  content.  In 
surface  cidtures,  an  inadequate  air  supjily  results  in  excessive 
mycelial  growth  and  reduced  yield  {)f  acitf.  A  considerable  excess 
of  air  is  permissible  over  the  1  1  per  1,(190  sq  cm  jjer  minute  recom¬ 
mended  previously. 

It  is  evident,  from  the  nature  ol  the  process  as  described,  that 
for  submerged  cidturing,  the  fermentors  must  be  constructed  of  an 
acid-resistant  metal.  Certain  stainless  steels,  for  example  3.S4SS,  are 
suitable  for  fermentor  construction.  It  much  corrosion  occurs,  the 
presence  of  excessive  iron  in  the  mash  will  residt  in  i  eduction  in 
itaconic  acid  yield  and  in  reduced  life  of  the  e(juijmient. 

Nelson,  Traufler,  Kelley,  and  Lockwood'^  conducted  15-1  A. 
terreus  fermentations  in  20-1  stainless-steel  fermentois  and  desciibed 
optimal  conditions  somewhat  different  from  those  leported  toi 
shake-flask  culture."  The  initial  glucose  concentration  was  in 
corn  steep  liquor  medium.  I'he  jjH  during  the  fermentation  was 
maintained  at  1.8  to  1.9.  Other  conditions  considered  optimum 
were:  (1)  the  use  of  sulfuric  acid  rather  than  nitric  acid  for  pH 
adjustments:  (2)  1%  inoculum:  (.S)  a  constant  supply  ol  available 
nitrogen,  2.67  g  (NH,).S(),  per  1  being  satisfactory:  (4)  the  use  of 
5.0  g  MgS()..*7HA)  per  1:  and  (5)  aeration  at  the  rate  ol  one- 
thirtieth  volume  of  air  per  volume  of  medium  per  minute. 

Pilot-plant  investigations  of  the  itaconic  acid  lermentation  were 
reixirted  recently  by  Pfeiler,  Vojnovich,  and  Heger."”  Stock  spore 
citures  of  ll.o  A.  terreus  NKRL  l<)fi(l  were  can. eel  o,. 

,„e(lui.n  contai.ii.ig  2.5%  malt  ext. act,  11.1%  pcpt.me,  2%  gl..co.se 
anti  2  0  a  agai'.  Vai  ial.lcs  inllnencing  the  loni.atio.i  ol  itacomc  acit 
were  investigated  in  .SIKI-  a.nl  (iOll-gal  Icianentois  ol  stainless  stee 
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over  a  range  ol  conditions.  1  liese  laclors  included  methods  of 
sterilization,  antiloani  agents,  niediuni  ( oinjjosition,  inottduni,  lei- 
nientation  pressure,  aeration  and  agitation,  lei  nientatic^n  tem¬ 
perature,  anti  pH.  From  the  experimental  results,  the  following 
^j^rocedtires  were  recommended  lor  the  successftil  fermentation  ol 
glucose  to  itaconic  acitl. 

File  medium  lor  both  inocuhun  development  anti  lor  itaconic 
acitl  protluctitm  shotdtf  contain  ().(!()%  gluctise  monohytlrate,  0.27% 
(NH,),S()^,  0.08%  iMg8()/7H,()  and  0.18%  ctnn  steep  litpior. 
Media  may  be  sterilizetl  continuously  at  800°F  lor  5  minutes,  or  in 
batches  at  250°F  lor  80  minutes,  the  pH  in  batch  sterilization  being 
reduced  to  5.0  with  itaconic  acitl  tt)  jjrevent  Itiss  of  ammonia.  For 
seed  development,  1%  by  volume  ol  inoculum  suffices,  but  5  to  10% 
ol  inoculum  sht)uld  be  used  in  the  protluction  lernicntt)rs.  Fer¬ 
mentation  temperature  ol  95°F,  aeratitm  at  the  rate  ol  one-eighth 
volume  ol  air  j^er  minute  per  volume  ol  meditim,  pressure  t)l  10  to 
20  psi  gage,  and  moderate  agitation  are  suitable,  with  0.75% 


octadecanol  in  95%  ethanol  added  as  antiloam  agent  as  recjuiretl. 
Maximum  yields  t)f  about  60  g  ol  itaconic  acitl  per  100  g  anhydrous 
glucose  supplied  are  obtained  alter  48  to  72  hours  ol  lermentation. 

Vicenty  and  coworkers  have  investigatetl  the  prtxluction  ol 
itaconic  acid  Irom  sucrose  by  A.  terreus  both  in  stirlace'*  and  in 
sidjinergetF"  lermentations.  In  surlace  culture,'^  the  t)j)timuni  con¬ 
ditions  were  a  lermentation  periotl  ol  12  days  on  a  1.7  cm  deeji 
medium,  a  j)H  t)l  1.8  to  2.8,  anti  a  sucrt)se  tt)ntent  ol  14  tt)  17%. 
Vieltls  Irom  lermentations  ol  brown  cane  sugar  were  41%.  Roiled 
Ol  tlecantetl  sugar-cane  juice  was  also  satislactory  as  a  substrate. 
From  technical  glucose,  itaconic  at  itl  yieltls  ol  86  to  88%  were 
obtained  by  surlace  culture. 

The  yieltl  ol  itatonic  acid  Irtim  sucrose  by  stdmierged  culttire  t)l 
A.  terreus  was  found  tt)  decrease  with  increased  tt)ncentration  ol 
the  sugar.'”  Using  a  20-1  lermentor  with  mechanical  agitation  and 
aeration  at  the  rate  ol  15  1  ol  air  per  minute,  with  the  sucrose 

medium  at  pH  1.8  to  1.9,  a  yieltl  ol  88%  itaconic  acitl  was  obtained 
in  7  to  8  tlays. 


CX)NT.AM1NA110N  PROBLEMS 

■Since  llK  |,H  ol  the  lennentation  solution  in  stniace  rnitures 
must  Ite  he  el  at  1.8,  there  is  no  tlange,  ol  contatttittation  hy  bacteria 
and  littie  danger  ol  (tnttanitnatioit  Ity  Itntgi  other  than  tnenthers  ol 
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the  A.  Jiiger  and  A.  xveutii  groups.  Itacoiiic:  acid  yields  ol  cultures 
contaminated  with  molds  ol  these  tyj^es  may  be  very  jjoor.  In  the 
pilot-plant  snbmerged-culture  experiments  ol  Pleiler,  et  (•//./“*“  the 
fermentations  were  started  at  an  initial  pH  of  5.0  and  contamina¬ 
tion  was  prevented  by  pure-culture  teclmitpie  throughout  the 
process.  In  two  of  more  than  eighty  jjilot-jdant  fermentations,  con¬ 
tamination  by  A.  niger  occurred  and  in  each  case,  acid  ju'oduction 
stopjjed  abrujjtly. 

AN.ALY  1  ICAL  METHODS 


Only  about  85%  of  the  acid  j)roduced  in  this  fermentation  is 
itaconic,  the  remainder  being  principally  succinic  and  itatartaric 
acids,  or  itatartaric  lactone.  Since  both  of  these  acids  are  saturated, 
while  itaconic  acid  is  unsaturated  and  brominates  readily,  Friedkin® 
developed  a  bromination  method  for  the  determination  of  itaconic 
acid  in  culture  liquors.  The  reagent  contains  1  ml  bromine,  5.0 
g  potassium  bromide,  1.87  g  potassium  chloride,  48.5  ml  I  A 
hydrochloric  acid,  and  water  to  make  500  ml.  T  he  bromine  and 
potassium  bromide  are  dissolved  in  a  small  amount  ol  watei  befoie 
the  other  ingredients  are  added.  I  he  reagent  has  a  pH  of  1.2, 


which  is  too  low  for  the  bromine  oxidation  of  glucose  to  interlere 


in  the  determination. 

To  a  1  or  2  ml  sample  in  a  125-ml  iodine  flask,  50  ml  ol  this 
bromine  reagent  is  addetl.  1  he  stojjjjer  is  sealed  with  water.  Alter 
10  minutes  at  ix)om  temperature  and  5  minutes  iu  an  ice  bath,  5  ml 
of  potassium  iodide  solution  (50  g  potassium  iodide  in  100  ml  ol 
water)  is  ijoured  around  the  stopjK'i.  1  he  stopper  is  carefully 
lifted,  so  that  the  solution  is  sucked  into  the  flask  by  the  vacuum 
created  by  cooling  in  the  ice  bath.  After  standing  lor  10  minutes, 
the  iodine  liberated  is  titrated  with  0.1  N  thiosulfate,  using  starch 
as  indicator.  I'he  titer  of  50  ml  of  the  bromide  reagent,  treated  in 
the  same  way  as  the  samjde,  is  used  as  a  blank  value.  1  he  dillcieiue 
i,i  milliliters  between  the  blank  titer  and  the  titer  obtained  with  a 
sample  is  equivalent  to  the  milliliters  of  0.1  itaconic  acid  m  the 

sample. 


YIELDS  AND  RECOVERY  METHODS 
In  the  surface-fermentation  j)rocess,  yields  of  itaconic  acid  as 
Preat  as  58  g  iK‘r  100  g  of  sugar  suiqilied  have  been  obtained  w  len 
15%  glucose  .solutions  were  fermented  in  shallow  j^ans.  In  su  )- 
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merged  culture,  the  yields  have  been  30  to  33%  when  6%  glucose 
was  fermented  in  small,  agitated  cultures,  in  excess  of  50%  in  a 
20-1  fermentor,'^  and  up  to  65%  in  jjilot-plant  lermentations. 

The  acid  is  recovered  by  evaporation  of  the  licjuor  to  less  than 


one-tenth  its  volume  after  the  mold  mat  Irom  surface  cultures  has 
l)een  removed,  washed,  and  exjnessed,  or  the  mycelium  has  been 
filtered  from  submerged  cultures.  1  he  acid  crystallizes  in  the 
form  of  a  slurry  which  is  readily  separated  by  hltration  or  centri¬ 
fugation.  A  second  crop  of  crude  itaconic  acid  may  be  obtained 
from  the  mother  litjuor  on  concentration  to  half  its  volume.  This 
second  crop  of  crystals  is  best  recycled  with  filtered  beer  to  be 
concentrated.  In  this  manner  about  90%  of  the  total  acid  crystal¬ 
lizes  and,  after  washing  the  crystals  with  cold  water  and  drying,  a 
])roduct  of  96  to  98%  purity  is  ol)tained.  It  is  light  l)rown  in  color 
and  is  suitable  lor  esterification  for  use  in  resin  synthesis  without 
further  treatment.  Further  jjurification  to  a  white  product  is 
accomjdished  by  dissolving  the  tan  crystals  in  hot  water  to  make  a 
25%  solution,  decolorizing  hot  with  2%  carbon,  filtering,  crystal¬ 
lizing.  centrifuging,  and  drying.  This  treatment  results  in  80% 
recovery  of  white  crystals  of  99+%  purity;  1%  is  lost  with  the 
decolorizing  carbon;  and  the  mother  licjuor  is  recycled  in  the 


recovery  process.  Other  recovery  jnocesses  have  been  suggested, 
such  as  extiaction  with  n-butyl  or  amyl  alcohol,  from  which  it 
crystallizes  on  evaporation  of  the  solvent.  The  resulting  product 
may  be  somewhat  contaminated  with  succinic  and  itatartaric  acids'’ 
and  gummy  residues  from  the  residual  sugars  or  neutral  nonreduc¬ 
ing  compounds,  such  as  erythritoP®  formed  during  the  fermentation. 
Theie  is  a  possibility  that  the  crude  itaconic  acid  could  be  purified 
on  a  commercial  scale  by  sublimation. 

No  data  are  availaltle  on  waste  tlis|,osal  or  by.pr, ,(!,.«  recovery 
1  lie  wastes  tiinsist  ol  waslietl  niytelia  anti  con, entratetl  lennentetl 
l.<|u„r  from  whiti,  the  acitls  have  been  removetl.  It  nhKitt  he  pos- 
sihle,  hnl  wonitl  probably  not  be  economical,  to  recover  Ihe  succinic 
anti  Itatartaric  atitls.  riie  rettivery  of  erytliritol  anti  other  neutral 
nonietlnting  componntls,  representing  211  to  3(1%  of  i|,c  original 
sugar,  wtitiltl  tlepend  on  the  tlevelo|,nient  of  markets  for  them. 


ECONOMICS 

Ciost  figures  for  the  mannfacttire  of  itaconic  aciti  by  lernienta. 
on  ate  not  available.  However.  I>feifet  el  nf.-  have  estimated  the 
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plant  production  costs  at  28^  per  pound  lor  97%  tan  itaconic  acid, 
or  per  pound  lor  99-]-%  white  acid,  with  corn  sugar  at 

7.5^  j)er  pound.  I'liese  plant  prodiution  costs  do  not  include  ad¬ 
ministrative  and  selling  expenses.  It  ajjpears  probable  that  con¬ 
siderable  reduction  in  cost  would  be  possible  il  molasses  could  be 
substituted  lor  glucose,  since  the  sugar  content  ol  molasses  costs 
about  one-third  as  much  as  that  ol  glucose  and  items  other  than 
sugar  add  relatively  little  to  the  raw-material  cost.  However,  in  the 
several  attempts  made  by  Pieiier  et  at.''*''  to  replace  refined  glucose 
with  cane  or  beet  molasses  or  hydrol,  little  itaconic  acitl  was  jiro- 
duced.  further  investigation  ()1  (hanges  in  medium  composition 
and  oj^erating  conditions,  or  in  jiretreatment  ol  the  molasses,  might 
make  possible  the  utilization  ol  these  cheaper  raw  materials. 


USES  AND  COMPETITIVE  PROCESSES 

I  he  princijial  uses  lor  itaconic  acid  a])j)car  in  the  resin  and 
detergent  industries.’  ’^”  Itaconic  acid  is,  chemically,  a  substituted 
methacrylic  acid,  and  its  esters  polymerize  to  produce  products 
similar  to  those  ol  the  methacrylate  series.  For  such  use,  itaconic 
acid  esters  must  compete  with  methacrylate  esters  in  price  and 
availability,  d'he  jirice  ol  high-cjuality  lactic  acid,  or  ol  acrylonitrile, 
is  a  factor  in  this  jirice  competition.  Itaconic  acid  lorms  polyester 
resins  with  dihytlric  alcohols,  which,  when  blended  with  styrene, 
may  be  used  lor  low-pressure  adhesives.  Oil-modified  alkyd  lesins 
derived  from  itaconic  acid  may  have  some  use  as  coating  materials. 
In  the  detergent  held,  itaconic  acid  will  have  to  compete  t\ith 
maleic,  fumaric,  and  other  dicarboxylic  acids  for  a  jilace  in  the 
manufacture  of  Aerosol-type  wetting  agents. 

A  comjjetitive  chemical  process  lor  the  manulacture  ol  itaconic 
acid  involves  the  conversion  of  calcium  aconitate  to  itaconic  acid 
by  heating  in  acid  solution.’'’  Calcium  aconitate  is  obtained  as  a 
by-product  of  the  recovery  of  sugar  from  cane  molasses.  The  pH 
of  the  licpior  from  the  second  crop  of  sugar  crystals  is  adjusted  with 
calcium  hydroxide  and  the  precipitated  calcium-magnesium  salts. 


principally  calcium  aconitate,  aie  al 


lowed  to  settle  out.  It  has  been 


estimated  that  imijrovement  in  the  third  croji  of  sugar  crystals  is 
sufficient  to  merit  the  extra  oiierations  involved  in  the  process  and 
that  calcium  aconitate  can  be  marketed  lor  15  cents  jK-r  pound.  On 
acidification  and  heating,  aconitic  acid  decarboxylates,  producing 

jjrincipally  itaconic  acid. 
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An  additional  method  lor  jnodncing  itaconic  acid,  tlie  pyrolysis 
ol  citric  acid,  probably  will  offer  little  corrrpetitiorr  with  the  ler- 
irrentation  jnocess,  unless  considerable  inrprovenrent  is  accomplished 
itr  this  rrrethod. 
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CHAPTER  17 


ACETIC  ACID-VINEGAR 

Reese  H.  I'auglin 


Vinegar  has  been  known  and  apjjieciated  as  an  important  food 
adjunct  (condiment  and  preservative)  for  as  long  as  man  has  been 
able  to  practice  the  arts  of  brewing  and  wine  making.  It  is  men¬ 
tioned  in  the  early  classical  literature,  the  Bible,  was  known  by  and 
occupied  an  important  jjlace  among  the  compounds  of  the  al¬ 
chemists,  and  formerly  was  a  popular  nostrum. 

Vinegar,  derived  from  the  k'rench  Dinaigre,  means  literally  sour 
or  sharp  wine  (vin  =  wine;  aigre  =  sour  or  sharp).  It  may  be  de¬ 
fined  as  the  product  resulting  from  acetification  of  alcoholic  solu¬ 
tions  tlerived  from  sugary  or  starchy  raw  materials.  T  he  word 
“vinegar”  has  lost  its  original  meaning  in  the  United  States,  for  here, 
unless  used  with  a  c|ualifying  adjective,  it  denotes  only  the  acetified 
j)roduct  made  from  fermented  apjde  juice. 

Vinegar  may  be  produced  from  a  witle  variety  of  raw  materials, 
the  main  requirements  being  a  satisfactory,  e(#momic  source  of 
alcohol  aiul  accessory  flavoring  constituents.  Apple  or  cider  vinegar 
is  the  common  table  vinegar  used  in  the  United  States.  W'ine 
vinegar  is  used  extensively  in  the  large  grajje-growing  regions  ol 
luirope.  Malt  vinegar  is  very  pojnilar  in  England.  Distilled  vinegar, 
also  known  as  spirit,  grain  or  white  vinegar,  is  commonly  used  m 
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the  food  industries,  although  certain  specialty  products  owe  their 
distinctiveness  to  wine  or  cider  vinegar.  Although  apples,  grapes, 
grain  and  molasses  are  the  chief  raw  materials  used  for  the  produc¬ 
tion  of  vinegar,  it  may  also  be  j^roduced  Irom  a  variety  ol  sin  plus 
products.  Such  commodities  as  fresh  pears,  peaches,  plums,  figs, 
oranges,  pineajjples,  and  berries  can  be  used  for  the  production  of 
vinegar.® 

Distinctive  condiment  vinegars  may  be  produced  from  dried 
fruits,  including  prunes,  apples,  figs,  apricots,  peaches,  and  dates. 
Honey  vinegar  also  is  distinctive.'^  Hydrolyzed  starchy  sidjstances, 
such  as  ])otatoes,  rice,  corn,  wheat,  and  other  grains  may  also  be 
used.  Sugar  vinegar  is  produced  from  sugar  sirup,  molasses,  or 
refiner’s  sirup.  Glucose  vinegar  is  made  from  glucose  solutions. 
It  is  to  be  stressed  that  whatever  is  used  as  the  raw  material,  it  must 
first  undergo  alcoholic  fermentation  before  acetification  can  proceed 
on  an  economic  basis. 

Two  basic  jirocesses  for  the  jjroduction  of  vinegar  are  known. 
The  “slow”  process,  also  known  as  the  Orleans  or  French  method, 
was  used  extensively  for  a  long  time  before  the  “generator”  process 
was  developed.  I’hc  generator  process  now  developed  to  a  reason¬ 
ably  high  state  of  efficiency  first  came  into  prominence  a  century 
ago,  largely  through  the  efforts  of  Schiizenbach,  who  introduced 
the  method  into  Germany. 

1  he  practical  conditions  necessary  for  the  manufacture  of 
vinegar  Irom  alcoholic  solutions  were  known  in  an  empirical  way 
a  long  time  belore  the  oxidation  coidd  be  exjjlained  on  a  scientific 
basis.  Many  ol  the  scientific  discoveries  credited  to  others  in  all 
jirobability  were  technical  secrets  ol  the  vinegar  manufacturers  long 
before  the  scientific  discoveries  were  recorded  in  the  literature.  In 
any  event,  many  of  the  advances  in  our  knoivledge  of  vinegar 
production  cannot  be  credited  to  one  individual.  For  examj)le,  it  is 
probable  that  the  living  nature  of  “mother  of  vinegar”  was  suspected 
belore  it  was  ai^ially  suggested  by  Boerhaave,®  a  century  before 
Persoon"«  mail/tlJ^  first  botanical  study  of  “mother  of  vinegar”  and 
Kiitzing^®  rei'^gi^d  that  the  minute  organisms  of  the  “mother” 
were  responsilTf^r  acetification  of  alcohol. 

Most  of  the  other  early  developments  also  apparently  resulted 
Irom  the  additive  efforts  of  several  individuals.  Boerhaave  has  been 
genet  ally  ci  edited  with  the  first  vinegar  generator,  yet  MitchelP® 
cites  an  anonymous  description  of  a  rudimentary  generator  pub- 
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lished  in  1670.  I  lie  absolute  necessity  lor  air  in  the  process  of 
making  vinegar  also  must  have  been  recognized  before  Rozier'*' 
observed  the  absorption  of  air  during  the  acetification  and 
Lavoisier^'  demonstrated  that  the  oxygen  of  the  air  was  the  essential 
ingredient. 

Desjiite  the  ancient,  natural  origin  of  vinegar,  acetous  beer  and 
wine,  its  manulacture  has  changed  little  in  the  jiast  century.  The 
nature  ol  the  jirocess,  however,  has  been  substantially  elucidated. 

COMPOSn  ION  OF  VINEGAR 
.As  already  stated,  two  entirely  different  microbial  processes  are 
required  lor  the  production  of  vinegar.  T  he  raw  material  used 
must  first  undergo  an  alcoholic  fermentation.  This  alcoholic  solu¬ 
tion,  known  as  “vinegar  stock,’’  then  is  acetified  by  oxidation. 


("omposition  of  Vinegar  Stock 

The  hexose  sugars  of  the  raw  material,  whether  there  at  the 
beginning  or  formed  by  enzymic  or  chemical  hydrolysis,  are  con¬ 
verted  by  species  of  yeasts  of  the  genus  Saccliaromyces  into  alcohol 
through  anaerobic  fermentation.  I'his  biochemical  conversion  may 
be  represented  by  the  simple  reaction. 


I lexosc 


Yeast  enzymes 


2  -I-  2  (.(),. 

Alcohol  C;aii)on  dioxide 


I'his  reaction  is  only  an  aj^proximation.  It  does  not  take  into 
consideration  that  some  residual  hexose  is  left  unfermented  or 
that  small  amounts  of  other  products  are  lormed  in  the  fermenta¬ 
tion.  I'hus,  the  solution  to  be  acetilied  may  contain,  in  addition  to 
alcohol,  traces  of  sugar  (hexose),  glycerol,  formic,  acetic,  lactic,  and 
succinic  acids,  acetylmethylcarbinol,  and  other  constituents  charac¬ 
teristic  for  the  raw  material  used.  I'hese  natural  ingredients  include 
malic  and  tartaric  acids,  esters,  pigments,  j)entosans,  proteins,  and 
minerals. 

cjuantities  ol 
omposition  ol 


Al)normal  vinegar  stock  may  (ontain  un 
certain  of  these  compounds  l)ccause  of  microbi 
the  ingredients  of  the  stock  or  the  raw  material.  Lactic  acid  bacteria 
(species  of  Lactobacillus  and  Leuconostoc)  may  cause  significant 
increases  in  acetic  and  lactic  acids  and  impart  a  “mousey  taste  by 
decomposition  of  the  sugar  contained  in  the  raw  material  or  the 
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resultant  vinegar  stock.  Species  ol  the  same  l.at  teria  may  decompose 
malic  acid  with  the  lormation  ot  lactic  acid  or  cause  the  lormation 
ol  mannitol  from  Iructose  il  either  malic  acid  or  tructose  is  present 
in  the  raw  material  or  “stock.”  Abnormal  increases  in  methyl 
alcohol  may  residt  Irom  the  en/,ymic  decomposition  ol  pectin  caused 
by  molds  iu  raw  Iruits,  particularly  apples  and  peaches. 


Composition  of  Vinegar 

rhe  alcohol  contained  in  the  vinegar  stock  is  converted  to 
acetic  acid  by  oxidative  enzymes  jjroduced  by  the  acetic  acid 
bacteria.  This  second  mandatory  stage  in  the  production  ot  vinegar 
may  be  rejiresentetl  by  the  reaction, 

AceU)l)acter  enzyme  system 

2  CH3C;H,()H  +  2  O., - >  -  (  H^COOH  +  2  H_,() 

In  reality,  however,  the  acetihcation  ot  alcohol  is  a  step-wise 
oxidation.  Acetaldehyde,  the  chiet  intermediate,  must  be  tormed 
betore  acetihcation  can  occur.  The  oxidation  ot  alcohol  to  acetic 
acid,  therelore,  is  more  correctly  rejiresented  when  written  as  two 
reactions. 


Aeelobaeter  enzyme  svsiem 

(;il/HA)H  +  () - ^ ^ - >  CH^CHO  +  H./) 

Acetobacler  enz\ me  system 

CH^CllO  -I-  () - - - >  CH^COOH 

The  acetihcation  ot  vinegar  stock  never  goes  to  completion,  so 
that  alcohol,  together  with  other  minor  constituents,  and  jjroducts 
ot  termeiUation  ol  the  raw  material  are  present  in  the  hnished 
]n-odu(t.  These  constituents  indude,  among  others,  aldehydes, 
esters,  acetylmethylcarbinol,  glycerol,  and  lactic,  malic  and  tartaric 
acids,  the  last  being  tound  only  in  wine  vinegar. 


Definitions  and  Standards 

The  tollowing  definitions  and  standards  have  been  used  by 
the  Food  and  Drug  Administration  ot  the  Ihiited  States  Deiiartmcnt 
ot  .Agriculture  tor  jHirposes  ot  regulation  since  Ih.Sh:'’" 

Vinegar,  cider  vinegar,  apple  vinegar.  The  product  made  by 
the  alcoholic  and  subsequent  acetous  fermentations  ot  the  juice  ot 
aj)|des.  It  contains  in  100  ml  (20“C)  not  less  than  -1  g  of  acetic  acid. 

Wine  vinegar,  grape  vinegar.  I'he  product'  made  by  the 
alcoholic  and  subsequent  acetous  fermentations  ot  the  juice  ot 
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grapes.  It  contains  in  100  ml  (20°C)  not  less  than  -1  g  of  acetic  acid. 

Malt  vinegar.  The  j^roduct  made  by  the  alcoholic  and  snb- 
seqiient  acetous  fermentations,  without  distillation,  of  an  infusion  of 
barley  malt  or  cereals  whose  starch  has  been  converted  by  malt.  It 
contains  in  100  ml  (20'’C)  not  less  than  I  g  of  acetic  acid. 

Sugar  vinegar.  The  product  made  by  the  alcoholic  and  sub¬ 
sequent  acetous  fermentations  of  sugar  siruj),  molasses  and  refiner’s 
sirup.  It  contains  in  100  ml  (20°C)  not  less  than  4  g  of  acetic  acid. 

Glucose  vinegar.  I'he  product  made  by  the  alcoholic  and  sub¬ 
sequent  acetous  fermentations  of  a  solution  of  glucose.  It  is  dextro¬ 
rotatory  anti  contains  in  100  nd  (20°C)  ncjt  less  than  4  g  of  acetic 
acid. 


Spirit  vinegar,  distilled  vinegar,  grai)i  vinegar.  The  product 
made  by  the  acetous  fermentation  of  dilute  distilled  alcohol.  It 
contains  in  100  ml  (20'’(^)  not  less  than  4  g  of  acetic  acid. 

Seasoned  vinegars,  prepared  by  infusion  of  cider  or  wine 
vinegar  with  herbs,  spices,  eschallots  or  garlic,  frequently  are  pre¬ 
ferred  for  condiment  j:)urposes.  These  vinegars  must  be  laljeled  to 
indicate  the  seasoning  used  and  the  source  of  the  basic  vinegar. 
I'he  minimum  amount  of  acetic  acid  allowed  for  such  vinegars  is 
also  4  g  in  100  ml  (20 °C). 

Formerly,  the  definitions  for  vinegar  described  in  detail  the 
chemical  characteristics  of  the  solids.  4'he  “standard”  finally  in¬ 
cluded  the  requirement  that  not  more  than  half  of  the  ajjple  solids 
should  be  reducing  sugars.  It  ajjparently  was  not  realized  that  the 
best  vinegar  stock  contained  very  little  residual  sugar  and  very 
frequently  also  contained  less  than  the  required  1.0%  of  total  apple 
solids.  As  a  result,  the  producer  of  quality  vinegar  would  have  been 
compelled  to  adulterate  his  product  if  he  exi)ected  it  to  meet  the 
requirements  of  the  ‘  standard. 

Certain  practices  are  permissible  if  they  are  not  deleterious  to 
the  public  health  and  if  the  product  is  correspondingly  labeled. 
For  example,  vinegars  may  be  diluted  to  not  less  than  standard 
strength,  but  the  dilution  must  be  plainly  declaretl  on  the  label. 
It  makes  no  difference  when  the  water  was  added;  the  label  must 
carry  the  declaration  that  it  was  added.  Label  declaration  ol  mixing 
of  vinegars  made  from  different  raw  materials  is  also  required. 
These  mixtures  are  labeled  “comiiound.”  Vinegars  which  have 
been  treated  with  harmless  flavors  or  colors  to  imitate  a  particulai 
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type  may  be  sold  il  the  label  carries  the  st.itement, 
vinegar.” 

I'he  (jiiestion  ol  eomplianee  with  the  definition  is  the  obligation 
of  the  analyst  who  may  make  his  decision  alter  studying  all  data 
|jertaining  to  a  sample  either  on  the  basis  ol  his  own  expel ience  oi 

by  comparison  with  known  samples. 

I'he  detection  ol  artificial  or  adulterated  vinegars  sometimes  is 
a  (omplicated  task.  The  best  approach  is  to  determine  the  jnesence 
or  absence  ol  substances  knowai  to  be  normal  ingretlients  ol  the 
various  tyj>es  ol  vinegar.  Acetyhnethylcarbinol  is  one  ol  the 
characteristic  compounds  lound  in  nearly  all  vinegars  ol  biological 
origin.  Formic  acid,  however,  is  sometimes  toiind  in  apjiieciable 
cjuantity  in  vinegar  (omponnded  Irom  synthetic  acetic  acid,  litit  is 
present  in  only  very  small  amounts  in  natural  vinegars. 

.Analyses  may  include  such  determinations  as  specific  gravity, 
solids,  ash,  solubility  and  alkalinity  ol  ash,  alcohol,  total  acidity, 
nonvolatile  acitls,  volatile  acid,  polarization,  total  reducing  sub¬ 
stances  beiore  and  alter  inversion,  sugars,  volatile  reducing  sidj- 
stances,  acetyhnethylcarbinol,  soluble  and  insoluble  phosphoric 
acid,  jiermanganate  oxidation  valtie,  mineral  acids,  pentosans, 
lormic  acid,  and  glycerol. 

With  a  lairly  detailed  analysis  and  a  thorough  knowledge  of 
the  analytical  variations  of  the  natural  vinegars,  it  is  jwssible  to 
determine  if  the  sample  is  genuine  or,  if  adulterated,  the  probable 
adulterants. 


PRODUCTION  1).\T.\ 

(.ompletely  satislactory  data  to  illustrate  the  annual  total 
production  of  vinegar  in  the  United  States  are  not  available. 
Similarly,  it  is  not  possible  to  estimate  acdirately  the  annual  jjro- 
(hution  ol  ( idei ,  malt,  wine,  distilled,  and  miscellaneous  vinegars. 

In  19.H9,  the  production  ol  vinegar  amounted  to  1  ()7,04(),462 
gal  with  a  value  in  excess  of  $  1 1 ,()()(),()()()  (U.  S.  Dept,  of  Coim 
merce  data).  Stadstics  shown  in  Fable  55  indicate  that  the  annual 
production  ol  vinegar  packed  in  glass  averages  about  fi, 250, 000 
cases  per  year.  These  figures  do  not  take  into  account  the  tpiantities 
made  on  larms,  in  small  vinegar  jdants,  anti  as  a  by-product  of 
tanning  anti  other  establishments  not  ininiarilv  engaged  in  the 
manulacture  of  vinegar.  Substantial  tp, antities  of'  vinegar  are 
produced  anti  used  in  cuctimber  pitkles,  catsup,  salatl  tlressings, 
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and  in  oilier  lood  jnoduels,  without  llie  vinegar  having  left  the 
premises  as  such. 


Fable  55.  UNI  FFD 
P.XCKFD 

SFAFFS  PRODUCTION  OF  VINFC;.\R 
IN 

Year 

Cases" 

1941 

6,250,000 

194;^ 

64^50,000 

194‘{ 

6,000,000 

1944 

6,990,000 

1945 

5,900,000 

1 946 

6,500,000 

1947 

6,000,000 

"Standard  case  holds  four  one-gallon  jugs. 

Source:  ll'estetn  Cauner  and  Pucker,  Statistical  review  and  vcarl)ook  nuinhcr, 
40,  (No.  5),  (1948)  . 


METHODS  OF  PRODLJCTJON 

Despite  a  popular  fallacy  which  has  persisted  for  about  40 
years,  the  known  species  of  Acetobacter  do  not  convert  significant 
quantities  of  glucose  and  other  carbohydrates  directly  into  acetic 
acid.  Vinegar  raw  material  must  undergo  an  alcoholic  fermentation. 


Preparation  of  Vinegar  Stock 

Prejjaration  of  the  vinegar  stock  depends  on  the  nature  of 
the  raw  material.  If  starchy  jiroducts  (grains  or  potatoes)  are  used, 
the  starch  must  be  converted  by  en/.ymic  or  acid  hydrolysis  to 
ofitain  a  readily  fermentable  source  of  hexose  sugar.  Dried  Iruits 
must  be  infused  with  water  in  order  to  obtain  the  iruit  sugars  in 
solution.  Fresh  fruits,  such  as  apples  or  grajies,  must  be  crushed 
and  the  juice  expressed  by  jnessure.  Other  raw  materials  con¬ 
taining  large  amounts  ol  sugar,  such  as  molasses  or  honey,  aie 
diluted  with  water.  Whatever  the  raw  material,  it  must  contain 
at  least  H%  of  sugar,  and  jneferably  more,  as  jnepared  for  the 
alcoholic  fermentation,  if  the  finished  vinegar  is  to  contain  the 
legal  minimum  acetic  acid  content  of  1  g  per  100  nd. 

Control  of  the  alcoholic  fermentation  is  desirable  to  insure  an 
economic  conversion  of  sugar  to  alcohol  and  to  obtain  a  bettei- 
(juality  vinegar  stock,  as  reflected  by  its  j)leasing  flavor  aiul  aroma. 
4'he  lactic  acid  bacteria  dissipate  the  sugar  with  production  of  lactic 
and  acetic  acids  and  also  imjxn  t  a  “mousey”  off-flavor  and  odor, 
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particularly  to  iruit  juices.  11  acetic  acid  is  produced  in  any 
ciuantity,  the  lernientation  may  cease  before  all  of  the  sugar  has 
been  converted.  A  concentration  ol  0.5%  acetic  acid  maikedly 
diminishes  the  activity  of  the  yeast  and  higher  concentrations  will 
completely  inhibit  the  alcoholic  lernientation.  In  the  absence  of 
alcohol  which  they  can  oxidize,  the  acetic  acid  bacteria  may  also 
dissipate  sugar  with  the  production  of  gluconic  or  ketogluconic 
acid,  or  polysaccharitles  and  cause  development  ot  the  same 
“mousey”  oft-llavor  as  produced  by  the  lactic  acid  bacteria.  The 
film-forming  oxidative  yeasts  must  also  be  controlled,  foi  they  also 
consume  sugar  as  well  as  alcohol. 

The  yeasts  naturally  present  in  the  fruit  juice  or  other  raw 
material  may  cause  a  satisfactory  fermentation.  However,  in  many 
cases,  a  spontaneous  fermentation  may  be  very  undesirable  because 
of  the  resultant  competition  between  the  yeasts  and  bacteria.  To 
insure  a  rajiid,  clean,  efficient  alcoholic  fermentation,  the  raw 
material  should  be  inocidated  with  a  selected  yeast  starter. 

Fermentations  are  often  started  by  the  addition  of  brewer’s  or 
baker’s  yeast  (Snccharontyces  cereviseae).  Grape- juice  fermentations 
are  usually  started  with  a  selected  strain  of  ^v•ine  yeast  (Saccliaro- 
myces  cereviseae  var.  ellipsoideus).  Starters  are  used  at  the  rate  of 
2  to  10%  by  volume  and,  once  the  fermentors  become  heavily 
seeded  with  yeast,  the  starters  may  be  discontinued. 

Sidfur  dioxide  is  sometimes  used  to  control  the  undesirable 
bacteria  during  the  alcoholic  fermentation  of  ajjple  and  grajie  juices. 
If  it  is  used,  care  must  be  taken  to  eliminate  all  but  traces  of  free 
SO2  in  the  vinegar  stock  before  acetification,  because  it  is  very  toxic 
to  the  acetic  acid  bacteria.  Storage  of  the  stock  for  long  periods,  or 
mixing  with  untreated  stock,  will  generally  jjermit  binding  of  the 
Iree  S(^o.  The  free  SOo  may  also  be  eliminated  by  vigorous  aeration 
or,  more  easily  and  quickly,  by  addition  of  chemicals  to  cause 
binding  or  oxidation.  If  used,  sulfur  dioxide  should  be  used 
sparingly;  100  j)pm  should  give  desirable  i)rotection  if  used  properly. 

During  the  primary  stage  of  fermentation  which  normally  lasts 
bom  5  to  7  days,  the  bidk  ol  the  sugar  should  be  converted  to 
alt(ihol.  The  leimiining  sugar  is  slowly  converted  tiuring  the 
secondary  fermentation  which  extends  over  a  period  of  several  weeks 
or  more,  because  the  secondary  fermentation  is  slow,  the  fermenting 
solution  should  be  transferred  from  the  open  fermentor  to  a  dosed 
one  where  it  can  be  kept  under  anaerobic  conditions  to  protect  it 
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Irom  attack  by  aerobic  yeasts  and  the  acetic  acid  bacteria  as  well  as 
Ironi  undue  clieniical  oxidation. 

Wdien  the  ierinentation  is  coinjjlete,  it  is  necessary  to  remove 
the  yeast  cells  and  other  debris  by  sedimentation.  A  storage 
period  ol  several  weeks  is  allowed  lor  settling,  alter  which  the 
supernatant  slock  is  drawn  ott  (racked).  T  he  stock  may  then  be 
stored  tor  Inrther  stabilization,  racking,  and  aging,  or  it  may  be 
acetified  directly. 

II  the  vinegar  stock  is  to  be  stored,  it  is  almost  mandatory  to 
place  it  under  anaerobic  c cinditions.  If  stored  in  the  oj^en,  tlie 
stock  is  subject  to  serious  loss  of  alcohol  by  evajjoiation  as  well  as 
by  metabolism  by  oxidative  yeasts.  The  unprotected  stock  is  also 
subject  to  increased  chemical  oxidation  which  causes  undesirable 
color  changes.  Furthermore,  stoiage  of  vinegar  stock  in  open  tanks 
is  subjec  t  to  very  severe  criticism  from  the  standpoint  of  sanitation. 
\dnegar  Hies  and  other  insects  woidcl  be  attracted  in  great  numbers. 
Some  most  certainly  would  contaminate  the  stock.  It  also  might 
be  contaminated  by  rodents  and  birds  if  left  unprotected. 

Tare  must  be  also  taken  to  protect  the  vinegar  stock  against 
the  attack  of  lactic  acid  bacteria,  if  the  stock  is  to  be  stored. 
Probably  the  best  way  to  acccjinplish  biological  control  is  to  denature 
the  stock  Avith  vinegar.  Addition  ol  enough  vinegar  to  give  1  g  of 
acetic  acid  per  100  nd  is  sidficient  to  control  the  lactic  acid  bacteria. 
.\s  has  already  been  mentioned,  sullur  dioxide  may  be  used  lor  the 
same  jjurjiose. 

(diemical  and  jdiysical  control  of  the  Ierinentation  generally  is 
very  sinij^le,  jjarticulaiiy  in  those  plants  which  produce  only  cider- 
vinegar  stock.  The  course  of  the  fermentation  may  be  followed 
with  Hailing  or  Hrix  hydrometers  which  indicate  the  approximate 
amount  of  sugar  present.  When  the  fermentation  is  comjjlete,  the 
amcjunt  of  alcohol  by  volume  may  be  determined  with  the  ebul- 
liometer.  Only  in  exceptional  cases  are  other  chemical  determina¬ 
tions  made  on  the  bulk  of  the  cider  stock.  Furthermore,  even 
though  it  is  considered  desirable  by  most,  control  ol  the  temperature 
of  fermentation  is  not  regularly  practiced  in  the  preparation  of 
cider-vinegar  stock.  However,  rigid  chemical  and  jihysical  (tem¬ 
perature)  control  is  customary  in  the  fermentation  ol  the  majority 
of  the  wines,  grain  and  other  raw  materials  Avhich  eventually 
may  be  used  lor  the  jiroduction  ol  vinegai. 
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Blendinjs  of  Viiiejjar  Stock 

Vpple  juice  is  the  only  raw  material  Commonly  lennented  by 
the  vinegar  producers;  wine  and  alcohol  lor  the  vinegar  stock  is 
IHirchased  trom  the  winery  and  distillery.  Apple  juice,  although  it 
contains  an  average  ol  10.5%  and  a  maximum  ol  15.4%,  may  con¬ 
tain  as  little  as  0.5%  sugars  as  invert,  according  to  Chatfield  and 
McLaughlin.®  II  the  juice  contains  8%  or  less  sugar,  it  should  he 
blended  with  other  juices  to  increase  the  sugar  content  to  a  satis- 
lactorv  level. 


(kd(  ulation  ol  the  stoichiometric  yields  shows  tlnp  1  g  ol  hexose 
(glucose)  will  give  0.51  1  g  ol  alcohol  or  0.00/  g  ol  acetic  acid,  and 
1  g  of  alcohol  will  yield  1.304  g  ol  acetic  acid.  .According  to  some 
of  the  literature,  the  over  all  conversion  ol  sugar  is  in  the  range  of 
0.50  to  0.55  g  of  acetic  acid  from  1  g  ol  sugar,  equivalent  to  an 
over-all  conversion  ol  75  and  82.5%  ol  stoichiometric  theoretical, 
respectively.  Commercial  yields,  unfortunately,  are  considerably  less 
than  those  indicated  in  the  literature  or  obtained  in  the  laboratory. 
Whereas  the  industrial  conversion  ol  sugar  to  alcohol  may  be  as 
high  as  85  to  90%  of  stoichiometric  theoretical,  the  oxidation  ol 
alcohol  to  acetic  acid  is  never  so  efficient. 

In  practice,  the  “ride  of  thumb”  assumption  has  been  that  1 
ml  ol  absolute  alcohol  would  yield  1  g  ol  acetic  acid  by  oxidation 
in  the  generator.  I’his  has  given  rise  to  the  assumption  that  1  g 
ol  absolute  alcohol  yields  1.2(1  g  ol  acetic  acid  by  biological  oxida¬ 
tion.  Records  examined  by  the  author  show  that  the  efficiency  is 
much  lower  than  the  1. 26/1.. 304  X  100=  96.5%  efficiency  this 
would  indicate. 


In  the  industry,  a  conversion  averaging  1  g  ol  acetic  acid  from 
1  g  ol  alcohol  is  considered  economical,  a  yield  ol  1.0/1.304  X  HH)  = 
76.6%  ol  theoretical.  .A  continuous  yield  of  1.1  g  of  acetic  acid 
from  1  g  ol  alcohol  is  considered  exceptional,  a  yield  ol  1.1/1.304 
X  100  =  84.4%  ol  theoretical.  Therefore,  il  the  conversion  ol 
sugar  to  alcohol  was  90%  of  theoretical  and  the  subsequent  oxida¬ 
tion  ol  the  alcohol  to  acetic  aciil  was  85%  efficient,  then  a  raw 
material  containing  8  g  of  sugar  would  yield  8  X  6-667  X  0-90 
X  0.85  =  4.08  g  of  acetic  acid.  Since,  however,  the  conversion  of 
sugar  to  alcohol  generally  averages  about  85%  efficiency,  the  raw 
material  would  yield  8  X  6-667  X  6-85  X  6.85  =  3.84  g  of  actic  acid, 
d  the  oxidation  ol  alcohol  to  acetic  acid  remained  at  85%  efficiency. 
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It  is,  tlicicloic,  tjuitc  ()l)vi()us  tliut  the  efficiency  ol  conv'ersioii  must 
l)e  very  rigidly  controlled  to  insure  that  the  finished  vinegar  will 
contain  enough  acetic  acid  to  always  comply  with  the  legal  mininium 
retpiirements  il  the  ra^v  material  contains  only  8%  hexose  sugar. 

ACJEl  IFICA  I  ION 

Vinegar  may  he  made  either  by  slow  acetification  of  vinegar 
stock  in  barrels  or  by  rapid  oxidation  in  generators.  Formerlv, 
much  vinegar  was  made  as  a  home  imlustry  simply  by  allowing  wine 
or  cider  to  oxidi/e  sjjiontaneously  in  (ontainers  open  to  the  air. 
Now,  however,  most  commercial  vinegar  is  jn'oduced  in  generators, 
although  until  the  period  of  World  VV^ar  11  some  commercial 
quantities  of  wine  vinegar  were  still  produced  liy  the  slow  barrel 
process. 


Slow  Acetification 

The  slow  acetification  jjrocess  commonly  *used  for  production 
of  commercial  (piantities  of  vinegar  is  known  as  the  French  or 
(Orleans  process.  Fhis  method  is  the  oklest  and  is  conceded  to  be 
the  best  j^rocess  lor  the  jjroduction  of  the  finest  quality  table 
vinegars. 


-  ffUNG 


Froi'RK  bb.  Orleuns  Process  Barrel  for  Making  Wine  I'lnegar 

Oak  barrels  of  50  to  51  gal  capacity  have  been  used  in 
(California  as  the  (ontaineis  in  the  process."’  Fo  start  the  j)rocess, 
barrels  fitted  with  air  ports,  as  shown  in  Figuie  bb,  are  filled  one- 
fourth  to  one-thiicl  fidl  with  good,  sound  vinegar,  containing  an 
active  jmpidation  of  acetic  acid  l)acteria.  V’inegar  stock  is  then 
added  in  quantities  to  fill  the  barrel  to  one-half  to  two-thirds  of  its 
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capacity.  The  mixture  is  allowed  to  remain  in  the  l)arrel  until 
it  has  reached  its  maximum  acetic  acid  content.  A  poition  equa 
to  two-thirds  to  three-fourths  of  the  vinegar  is  withdrawn  and 
replaced  with  an  equal  quantity  of  fresh  vinegar  stock  and  the 
acetification  repeated. 

The  process  can  lie  made  more  or  less  continuous  l)y  modihca- 
tion  of  the  routine  of  filling  and  withdrawal.  1  he  barrels  are  filled 
about  one-third  full  of  a  mixture  of  fresh,  unpasteurized  vinegar 
and  8  or  4  gal  of  stock.  Then,  at  weekly  intervals  for  1  month,  more 
vinegar  stock  is  added.  After  5  weeks  the  desired  volume  of 
vinegar  is  withdrawn  and  rejilaccd  with  fresh  stock.  By  regulation 
of  the  amount  of  new  stock  added  to  insure  its  acetification  in  / 
days,  the  process  then  becomes,  in  a  sense,  continuous,  as  vinegar 
can  be  withdrawn  at  weekly  intervals. 

Because  the  process  is  slow,  taking  Irom  I  to  .S  months,  or 
even  longer,  according  to  the  temperature,  the  vinegar  thus 
produced  contains  a  larger  tjuantity  ol  esters  (principally  ethyl 
acetate)  than  does  vinegar  made  in  the  generator  from  the  same 
lot  of  stock,  d'he  method  is  particularly  adajjted  to  the  production 
of  the  finest  quality  wine  vinegar.  However,  the  method,  by  present 
standards,  is  too  slow  and  uneconomical  of  labor  and  raw  materials 
to  be  used  other  than  for  j^roduction  of  small  quantities  of  wine 
vinegar  for  the  most  discriminating  consumers. 

Various  modifications  of  the  slow  process  have  been  devised. 

All  of  these  improvements  were  intended  to  olitain  the  supposedly 
desirable  aerobic  film  of  acetic  acid  bacteria  and  to  increase  the 
oxidizing  surface  in  order  to  increase  the  rate  of  acetification. 


Rapul  Acetification 

Rajiid  acetification  of  vinegar  is  a  process  variously  knov^n  as 
the  generator  process,  quick  vinegar  (Schnellessig),  the  German 
jirocess,  the  Boeyhave  or  the  Schiizenliach  process.  I  he  generator 
process  was  introduced  into  Germany  in  I8.H2  by  Schiizenbach  al- 
though,  as  already  indicated,  essentially  the  same  method,  described 
in  l()/0,  was  in  use  in  Fiance.  I  he  generator  process  came  into 
prominence  during  the  past  century.  It  is  now  in  almost  universal 
use  for  the  production  of  most  commercial  vinegars. 

1  he  vinegar  generator  is  designed  to  provide  the  maximum 
surface  exposure  for  a  volume  of  vinegar  stock  in  order  to  supply 
enough  air  for  the  acetic  acid  bacteria  to  efficiently  and  quickly 
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oxidize  the  alcohol  to  acetic  acid.  Oxidation  ol  the  alcohol  is 
accomplishetl  by  droplet  tlispersioii  ol  the  vinegar  stock  which  is 
aj>plied  to  the  upper  surlace  ol  a  mass  of  packing  medium  (l)eech- 
vvood  shavings,  coke,  etc.)  of  some  depth.  I'he  vinegar  stock  trickles 
through  the  generator  packing.  I'he  acetic  acid  bacteria  present 
on  the  generator  packing  find  conditions  satisfactory  for  rapid 
oxitlation  ol  the  alcohol.  The  acetification  taking  jilace  simul¬ 
taneously  and  rapidly  throughout  most  of  the  exposed  surface  of 
the  generator  medium  explains  why  the  term  “(puck  vinegar”  is 
commonly  used  to  denote  the  generator  protess. 


1  he  generator  consists  ol  a  huge,  (ylindrical,  straight-sided  to 
slightly  taj)ered  (conical)  wooden  tank  divided  into  three  com¬ 
partments  (a  simide  lorm  is  shown  in  Figure  (i7).  Oregon  (ir, 
Louisiana  cyiness  and  Ckilifornia  redwood  are  commonly  used  m 
construction.  Fhe  ujjper  comi)artment  contains  the  distiabution 
apparatus  to  insure  even  apjdication  of  the  vinegar  stock  over  the 
generator  medium.  The  central  compartment  may  be  fdled  with 
beechwood  shavings,  coke,  wood  charcoal,  basketwork  made  o 
rattan,  bundled  rattan,  excelsior,  corncobs,  grai^e  steams,  giape 
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ceranik  n.alerials  oche,  n.atmab  winch  ottu  a, 
'nrlace  areas.  U  is  essential  that  the  packing  material  shall 
imparl  iiiiclesirahle  llavors  or  odors  to  the  vinegar  or  coiuain  metals 
(iron  and  copper)  in  appreciable  <|iiantilies.  rite  generator  pack¬ 
ing  must  he  thoroughly  exlracled  with  water  and  then  with 
vinegar  helore  use.  The  lower  chamher  serves  as  a  snni|)  lor  the 
collection  ol  the  vinegar  and  contains  ports  lor  the  admission  ol  air. 

In  operation,  the  vinegar  stock  is  distrihuted  inter miltetuly 
over  the  generator  meditim  in  small  hut  constant  amounts.  The 
intermittent  application  results  ironi  the  use  ol  automatic  tipping 
troughs  or  revolving  spargers.  It  the  dosage  ot  vinegar  stock  is  con¬ 
tinuous,  the  liquid  tends  to  channel  and  there  is  a  consequent  loss 
ot  efficiency  troni  overloading  certain  parts  ol  the  generating 


medium. 

1  he  oxygen  necessary  tor  the  bacteria  is  supidied  by  the  air 
which  enters  the  generator  through  the  ports  or  vents  in  the  sides 
of  the  generator  in  the  bottom  compartment  (Figure  67).  I'he  air 
passes  up  through  the  packing  and  out  through  the  loose-fitting 
top,  its  passage  upward  being  assured  by  the  heat  generated  by 
acetification  of  the  vinegar  stock. 

d  he  temperature  of  the  generator  must  be  carefully  regulated. 
In  the  simple  generator  (Figure  67),  the  temperature  is  regulated 
by  adjustment  of  the  rate  of  flow  of  the  vinegar  stock  down  through 
the  generator  and  the  volume  of  fresh  air  passing  up  through  the 
jiacking  to  balance  the  temperature  at  80°  to  85°F.  In  the  large, 
dosed,  recirculating-type  generator  (Figure  68),  the  air  may  be 
pumped  through  the  generator  at  a  more  or  less  constant  rate  and 
the  temperature  controlled  by  cooling  the  vinegar  stock.  In  the 
I’nited  States  and  in  (ierniany,  the  generators  are  commonly 
operated  at  temperatures  of  80°F  to  not  over  9!)°F.  In  England, 
however,  according  to  Mitchell,  generator  temperatures  may  rise  as 
high  as  105°  to  1 10°F  for  optimum  operation. 

'File  necessity  for  rigid  control  of  both  air  suj)])ly  and  tem¬ 
perature  is  best  illustrated  by  consideration  of  stoichiometric  rela¬ 
tionships  involved  in  oxidation  and  the  heat  of  oxidation  of  alcohol 
to  acetic  acid.  The  amount  of  air  recpiired  and  heat  generated  from 
the  oxidation  of  alcohol  to  acetic  acid  can  be  illustrated  with  tyj)e 
calculations  starting  with  1  gal  of  distilled  vinegar  stock  containing 
11%  alcohol  by  volume,  equivalent  to  8.83%  alcohol  by  weight. 
Fherefore,  1  gal  of  stock  contains  0.0883  X  ^^785  X  0.985=  329.11 
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g  ()1  alcohol.  I’o  convert  the  alcohol  to  acetic  acid  .H29.il  X  <)4/92 
=  228.9H  g  ol  oxygen  are  recjuired.  d  his  represents  2aH.9H/H2 
=  7.15  moles  of  oxygen,  (first  equation,  page  501)  which  are 
cxpiivalent  to  7.15  X  ---4  =  IfiO.lfi  1  ol  oxygen.  Since  air  is  apjnoxi- 
inately  one-filth  oxygen,  109. 10  X -5  =  800.8  1  ol  air  or  800.8  X 
O.OH53  =  28.27  cn  It  ol  air  are  rcxpiired  to  oxidize  the  alcohol  in  the 
1  gal  ol  stock.  In  reality,  the  cubic  feet  ol  air  recpiired  should  be 
at  least  twice  this  volume  because  the  oxygen  ol  the  air  aj^parently 
is  not  fixed  quantitatively  by  the  bacteria  in  the  generator.  With 
lower  concentrations  ol  alcohol  in  the  stock,  the  amount  ol  air 
required  is,  ol  course,  less. 


Figi'RK  08.  liecircuUiting-'rype  I'inrgar  (jeiierator 


According  to  Ciruess,"’  1  mole  ol  alcohol  will  libei.ite  115 
(ial  ol  heat  during  its  conversion  to  acetic  acid.  I  his  corresponds 
to  115/40  =  2.5  (ial  jjcr  gram  ol  alcohol.  'I'he  gallon  ol  vinegar 
stock  contained  H29.il  g  ol  alcohol,  rherelore,  it  can  liberate 
329.11  X  2.5  =  822.78  Cal  or  822.78  X  3.9085  =  3,205.2  lUu  in  its 
conversion  to  vinegar.  In  the  conversion  ol  vinegar  stock  in  the 
large  generators,  where  as  miuh  as  2,000  to  2,500  g<d  ma)  be 
oxidized,  it  is  obvious  that  the  control  of  heat  would  be  a  com- 
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plica  tod  pn)l)lcm  it  none  was  lost  by  radiation.  In 

be  taken  t„  keep  the  te.nperatnte  .,1  cite  generate.  I  et  ee 
8l)»  and  90°F.  At  98“  to  105°F,  some  acetic  acid  bacteiia  nia> 
completely  inactivated. 

Much  alcohol  and  acetic  acid  are  lost  in  the  generator  process 
through  evaporation.  In  the  “slow”  Orleans  process,  evaporation 
losses  may  be  as  high  as  10%  according  to  bioletti.  A  siiia 
ol  alcohol  (about  0.5%  by  volume)  is  always  lelt  in  the  inisiet 
vinegar,  since  it  is  uneconomical  to  oxidi/e  all  of  it.  Small  or  large 
amounts  of  alcohol  and  acetic  acid  may  be  lost  by  complete  oxida¬ 
tion  (combustion)  to  carbon  dioxide  and  watei.  Some  may  )e 
utilized  for  the  growth  of  the  vinegar  bacteria  and  some  may  3e 
dissipated  in  side  reactions.  These  losses,  while  never  eliminated, 
may  be  reduced  by  proper  attention  to  regulation  of  temperatuie 
and  air  supjily  in  the  generator. 


Generator  Procliietion  (^apaeity 

According  to  data  published  by  the  Hydraulic  Press  Manu¬ 
facturing  Ca).,"*  for  every  bushel  of  shavings  in  the  generator,  the 
yield  should  be  0.25  gal  of  6%  cider  vinegar  in  24  hours.  The 
Inishel  is  equivalent  to  1.24  cu  ft  of  shavings  so  the  production 
capacity  of  1  cu  ft  of  shavings  i,s*0.25  X  1/1.24  =  0.20  gal  of  6% 

\  illegal'  in  24  hours.  This  may  be  considered  a  minimum,  since  the 
production  rates  may  go  as  high  as  0.50  gal  ot  6%  vinegar  in  24 
hours.  It  is  inqjossible  to  predict  how  the  generator  will  work 
before  it  is  actually  placed  in  ojjeration.  Theretore,  it  is  common 
practice  to  figure  the  production  capacity  of  the  generator  on  the 
basis  of  1  cu  ft  of  packing  material  producing  0.2  to  0.3  gal  of  6% 
vinegar  in  24  hours. 

Generators  vary  widely  in  over-all  size,  the  smallest  in  com¬ 
mercial  operation  being  about  4  to  5  ft  in  diameter  by  8  ft  tall, 
while  the  largest  may  be  from  14  to  18  ft  in  diameter  by  10  to  20 
ft  tall. 


Seeding  the  Generator 

As  already  mentioned,  the  packing  material  in  the  generator 
should  be  washed,  preferably  with  hot  water,  and  then  soaked  in 
vinegar  to  insure  the  removal  ol  ofl-tastes  and  odors.  I'hen,  before 
the  generator  can  be  placed  in  operation,  it  is  necessary  to  seed 
(inoculate)  the  packing  with  acetic  acid  bacteria.  T  his  is  generally 
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accomplished  by  the  use  oi  fresh,  sound,  unj)asteurized,  unclarified 
vinegar  taken  from  a  generator  of  jjroved  high  production  efficiency. 
I  he  fresh  vinegar  is  slowly  recirculated  through  the  generator  for 
8  to  12  hours.  On  the  second  day,  enough  alcohol  is  added  to  the 
vinegar  to  bring  it  to  2  to  3%  by  volume  and  the  mixture  is 
again  slowly  recirculated  for  8  to  12  hours.  1  he  generator  is  then 
shut  down  under  reduced  air  draft  until  the  bacteria  have  multiplied 
on  the  surfaces  of  the  j^acking  medium  to  such  an  extent  that  the 
temperature  of  the  interior  of  the  generator  starts  to  increase.  Once 
this  happens,  the  generator  is  ready  for  operation. 

An  alternative  procedure  is  to  use  fresh,  unpasteurized,  in¬ 
completely  oxidized  vinegar  containing  2  to  3%  of  alcohol  by 
volume.  This  is  very  slowly  recirculated  through  the  generator 
under  reduced  air  draft  until  the  temperature  increase  indicates 
that  the  generator  is  seeded. 

Inoculation  of  the  generator  will  take  7  to  10  days  on  the 
average.  Under  exceptional  circumstances,  seeding  may  be  accom¬ 
plished  in  less  time.  It  is  easy  to  seed  the  cider  or  wine  vinegar 
generator  in  comparison  with  the  distilled  vinegar  generator. 
Distilled  vinegar  is  essentially  a  synthetic  mixture  and  contains  no 
natural  nutritive  substances  (growth  factors)  as  do  cider  and  wine. 
It  is,  therefore,  necessary  to  add  inorganic  and  organic  nitrogenous 
substances  to  distilled  vinegar  if  it  is  being  used  lor  seeding  purposes. 

It  is  to  be  stressed  that  the  use  of  jjure  cultures  of  acetic  acid 
bacteria  for  the  production  of  vinegar  is  impractical  and  un¬ 
economical,  although  it  might  be  inferred  from  the  literature  that 
they  should  be  used.  The  generators,  storage  tanks,  and  other 
wooden  equipment  coidd  not  be  sterilized  and  operated  undei 
aseptic  conditions.  Pure-cidture  techniques  and  equipment  that 
would  be  required  to  produce  the  starters  of  desirable  acetic  acid 

bacteria  would  be  uneconomical. 

Heavily  seeded  starters  of  a  desirable  species  of  Acetobactei 
have  been  used  to  control  the  bacterial  populations  in  the  Oi leans 
process  for  wine  vinegar.  None  of  the  stock  was  pasteurized  befoie 
inoculation.  This  technicjue  might,  under  certain  conditions,  be 
applicable  to  generators.  4'he  method  does  not  insure  pure  cultures: 
only  a  dominant  population  whose  period  of  domination  in  the 
generator  is  unknown. 

Vinegar  is  too  inexpensive  to  support  costly  and  complicate 
controls  required  in  the  use  of  pure  cultures. 
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Operation  of  the  Generator 

Once  the  generator  is  seeded,  its  operation  rvill  depend  on 
whether  it  is  designed  to  be  nsed  as  a  “one-run”  generator  to  be 
operated  in  tandem  with  one  or  more  others,  or  as  a  recirculating 


generator. 

The  “one-run”  process,  as  the  name  implies,  provides  lor  one 
passage  ol  a  mixture  ot  vinegar  stock  and  vinegar  through  the 
generator.  In  this  type  of  operation,  the  original  stock  is  acidihec 
'with  enough  vinegar  to  increase  the  acidity  to  between  3  and  3.5%. 
.\cetification  in  the  generator  increases  the  acidity  ol  the  finished 

vinegar  to  about  6%. 

In  the  tandem  process,  the  vinegar  stock  is  passed  thioiigh  one 
generator  to  .become  partially  acetified.  Acetification  is  completed 
by  passage  ol  this  partially  oxidi/.ed  stock  through  a  second  or  even 
a  third  generator. 

In  the  recirculating  type  ot  generator,  the  stock  is  continuously 
repumped  through  the  packing  until  the  alcohol  is  oxidized.  When 
the  stock  is  prepared  lor  oxidation  in  generators  operated  in  tandem 
or  in  the  recirculating  generator,  it  may  be  acidified  with  vinegar 


to  about  1%  acetic  acid  or  used  without  acidification. 

d'he  idea  ol  recirculating  vinegar  stock  through  the  generator 
is  at  least  125  years  old.  AVustenleld^^  cites  a  jiatent  issued  to  Ham 
in  England  in  1824.  Recirculation  also  apparently  was  practiced 
in  the  U.  S.,  according  to  Bioletti,'*  lor  some  time  prior  to  its 
jjojiularization  by  the  work  ol  Frings.‘‘‘  14ie  recirculating  generator 
has  become  increasingly  pojndar  because  it  has  several  economic 
advantages.  It  may  be  operated  at  a  low  cost.  It  is  relatively  simple 
and  easy  to  control.  There  is  a  distinct  saving  ol  space  and  equip¬ 
ment.  The  recirculating  generator  needs  less  cid)ic  leet  ol  packing 
to  jn-oduce  the  same  quantity  ol  vinegar  in  the  same  time.  The 
temperature  ol  the  outside  air  does  not  alfect  the  generator  ad¬ 
versely,  since  the  vinegar  stock  is  used  to  cool  the  generator,  thus 
providing  lor  a  steady,  efficient  production  ol  vinegar  unallected 
by  seasonal  variations  in  temperature.  I'here  is  no  accumulation 
ol  lumes  ol  alcohol,  acetaldehyde,  and  acetic  acid,  since  the 
generator  is  airtight  and  stacked  to  the  outside  atmosidiere.  The 
absence  ol  Inmes  is  a  distinct  advantage  Irom  the  standpoint  ol 
sanitation,  because  vinegai  Hies  arc  not  attracted  to  the  same  extent 
Clider  and  wine  vinegar,  as  well  as  distilled  vinegar,  are  pro- 
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diiced  in  the  recirculating  generator.  In  fact,  cider  and  wine  vinegar 
are  more  easily  produced  in  this  type  ol  generator  than  is  distilled 
vinegar.  However,  control  ot  sliming,  caused  by  the  growth  ot 
Acetobacter  xylinnm,  is  a  serious  problem  in  the  production  ol 
cider  and  wine  vinegar  in  the  recirculating  generator,  or  any  type 
ot  generator  lor  that  matter,  although  it  never  inteileres  in  the 
production  ot  distilled  vinegar. 

Idle  nutritional  retjuirements  ot  Acetobacter  xylinnm  are  well 
lulfilled  with  either  cider-  or  wine-vinegar  stock,  d'he  Ixicterium 
requires  complex  organic  nitrogen  and  alcohol  or  other  carbo¬ 
hydrate  material  to  initiate  and  maintain  growth.  I'o  produce  the 
thick,  slimy,  cellulosic  membrane,  hexose  sugar  or  other  carbohy¬ 
drates  tound  in  cider-  or  wine-vinegar  stock  is  needed.  Distilled 
vinegar  stock  normally  contains  tof)  little  ot  the  required  nutrients 
and  too  much  alcohol  tor  the  growth  ot  Acetobacter  xylinnm.  I'hus 
it  is  obvious  why  Acetobacter  xylinnm  will,  unless  controlled,  scjoner 
or  later  produce  enough  slime  to  partially  or  even  tightly  plug  the 
cider  or  wine  vinegar  generator  but  not  the  distilled  vinegar 
generator. 

In  practice,  the  economic  period  ot  operation  ot  the  cider  or 
w’ine  vinegar  generator  will  average  about  (i  months  unless  extreme 
care  is  taken  to  prevent  entrance  ot  Acetobacter  xylinnm.  \Vhen 
care  is  exercised  the  cider  or  wine  vinegar  generator  may  continue 
to  oj^erate  effectively  toi  a  year  before  the  slime  causes  severe 
reduction  in  efficiency.  Slime  lormation  can  be  minimi/ed  by  using 
wine-vinegar  stock  with  enough  alcohol  to  produce  vinegar  con¬ 
taining  10%  acetic  acid.  However,  because  this  bacterium  is  so 
widely  distributed  in  the  intlustry,  most  j^roducers,  rather  than 
attempt  to  keej)  it  out  ot  the  generator,  use  packing  materials  which 
are  almost  indestructible  or  so  inexpensive  that  no  significant  loss 
occurs  when  the  packing  is  washed  and  cleaned,  d'hen,  when  the 
generator  becomes  so  plugged  as  to  be  uneconomical  to  operate,  the 
packing  is  removed  from  the  shell  and  thoroughly  cleaned.  (a)ke, 
rattan  bundles,  and  corncobs  are  the  jjacking  materials  commonly 
used  in  place  ot  beechwood  shavings  tor  generation  ol  cider  and 
wine  vinegar. 

Because  the  distilled  vinegar  generator  does  not  become 
plugged,  it  is  generally  filled  with  beechwood  shavings  (Figure 
69).  Distilled-vinegar  generatois  will  ojjerate  lor  an  unknown  j^eriod 
ot  years  without  becoming  plugged  wiili  Acetobacter  xylinnm  mem- 
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Figure  69.  Beecinvood  Shavings.  At  the  extreme  left,  the  shaving 
is  too  losely  curled;  at  the  extreme  right,  the  shaving 
is  too  tightly  curled 


Ijrane.  However,  the  distilled  vinegar  producer  has  another  bac¬ 
teriological  problem  which  is  troidilesoine.  As  already  mentioned, 
distilled-vinegar  stock  is  almost  devoid  ot  nutrients.  I’he  alcohol 
used  is  required  by  law  (considt  Regidations  3,  7  and  19  of  the 
United  States  'Freasury  Department,  bureau  of  Internal  Revenue 
lor  the  legal  retjuirements'’'^'^®’^'’''")  to  be  denatured  either  with 
ethyl  acetate  or  distilled  vinegar,  unless  the  alcohol  has  been  jiro- 
duced  by  the  vaporizing  process.  I'he  denatured  alcohol  is  suitably 
diluted  with  water  to  prepare  the  vinegar  stock.  I’o  oxidize  the 
resultant  stock,  it  is  necessary  to  add  nutrients  which  will  supjjort 
the  growth  and  oxidative  activity  of  the  acetic  acid  bacteria.  Various 
mixtures  ol  inorganic  and  organic  nitrogenous  compounds  are  used. 
I  hese  include  various  combinations  of  dibasic  ammonium  phos- 
phate,  urea,  asparagine,  jK-jitones,  yeast  autolysate,  etc.  Several 
(ompounded  “bacteria  foods”  are  available  and  many  ju-efer  to  use 
them  rather  than  develoj)  their  own  formulas.  Ihe  bacterial 
nutrients  generally  are  added  to  the  distilled  vinegar  stock  in 
concentrations  of  1  to  5  lb  per  1, ()()()  gal. 

kieijuently,  a  distilled  vinegar  generator  operates  at  a  reduced 
cajiacity  because  the  bacteria  apparently  d,,  „<,t  |„„cti„„  properly 
Soniett.nes,  the  efficiency  ol  the  generator  may  be  increased  by 
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adding  more  nutrients  or  by  adding  dificrent  nutrients.  However, 
in  some  cases,  no  increase  in  oxidative  caj>acity  is  iorthcoming,  even 
when  supposedly  optimum  physical  and  chemical  conditions  are 
maintained  lor  the  bacteria.  When  this  occurs,  it  is  advisable  to 
reexamine  the  generator,  giving  carelul  attention  to  all  factors  which 
might  affect  the  activity  of  the  bacteria.  If  the  generator  design  and 
construction  are  found  to  be  satisfactory,  then  it  is  desirable  to 
attempt  to  increase  the  efficiency  of  the  generator  by  reseeding  it 
with  a  new  population  of  bacteria. 

Allgeier,  ^Visthoff,  and  Hildebrandt‘"  ‘'’  have  recently  under¬ 
taken  a  series  of  exjKTimental  studies  of  the  factors  affecting  the 
j)erformance  of  distilled-vinegar  generators.  They  state'”  that 
studies  of  such  variables  as  composition,  degree  of  chlorination  and 
biological  jiurity  of  dilution  water,  nutrients  employed,  factors 
leading  to  imjjroved  aroma,  and  various  other  elements  involved  in 
vinegar  mamdacture  might  be  expected  to  raise  production  levels 
and  improve  the  (piality  of  the  vinegar.  They  enij^loy  small-scale 
recirculating  generators  described  by  Hildebrandt.'®“ 

The  first  paper  of  Allgeier,  Whsthoff,  and  Hildebrandt''*  reported 
a  study  of  the  efficiency  of  acetification  resulting  from  the  use  of 
six  dilution  waters  from  widely  sejjarated  |)arts  of  the  United  States. 
Considerable  difference  in  the  suitability  of  the  various  dilution 
waters  for  generator  ojjeration  was  found,  but  difficulty  was  ex¬ 
perienced  in  correlating  the  generator  performances  with  the 
chemical  analyses  of  the  waters.  Generally  speaking,  the  better 
waters  were  those  with  low  solids,  hardness,  and  chloride  content. 
In  the  second  paper'”  these  workers  reported  that  the  quality  of 
finished  vinegar,  as  judged  by  aroma,  was  best  from  alcohol  de¬ 
natured  with  ethyl  acetate,  second  from  alcohol  denatured  with 
vinegar,  and  poorest  from  alcohol  denatured  with  acetaldehyde.  It 
was  also  reported  that  the  approximate  toxicity  threshold  lor  the 
jiiesence  of  five  metals  tested  in  the  vinegar  stocks  was  lead  10, 
copper  15,  iron  50,  zinc  100,  and  tin  greater  than  100  ppm.  In  all 
cases  toxic  amounts  of  the  metals  resulted  in  a  decrease  in  efficiency 
of  acetification  in  the  generators. 

Other  Pr<»cc88e8 

Several  interesting  modifications  of  the  two  basic  methods  of 
vinegar  manufacture  have  been  made.  One  of  the  first  attempts  to 
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speed  up  acetification  by  the  Orleans  process  was  the  shallow-vat 
method  of  Pasteur.^''  In  this  method,  large,  shallow,  covered 
troughs  with  holes  drilled  in  the  sides  above  the  level  of  the  liquid 
markedly  increased  the  surface  of  the  wine-vinegar  stock  exposed  to 
the  air.  Various  modifications  of  the  shallow-vat  method  have  been 
described. 

I'here  are  also  many  varieties  of  the  generator  process.  I’hese 
include  the  dipinng  generator,  the  displacement  generator,  the  re¬ 
volving-drum  generator,  and  the  large-room  generator. 

T  he  dipping  generator  consists  ol  an  upright  tank  inside  of 
which  a  wooden  or  wicker  basket  filled  with  beechwood  shavings 
can  be  raised  or  lowered.  The  generator  tank  is  filled  about  one- 
half  full  of  vinegar  stock  and  the  basket  of  shavings  is  lowered  into 
the  stock.  After  the  requisite  time  the  basket  is  raised  out  of  contact 
with  the  stock  in  the  tank  and  a  large  air  vent,  in  the  middle  of 
the  side  of  the  tank,  is  opened.  The  basket  of  shavings,  saturated 
with  the  stock,  is  left  exposed  to  the  air  for  time  enough  to 
oxidize  the  alcohol.  The  process  is  then  repeated. 

The  displacement  generator  consists  of  a  tank  htted  with  an 
inner  floating  tank  and  two  generators  at  the  side  of  the  main  tank. 
When  the  floating  tank  is  filled  with  water  or  some  other  heavy 
material,  vinegar  stock  contained  in  the  main  tank  is  forced  by 
displacement  into  the  two  generators.  When  the  jjacking  in  these 
generators  is  saturated,  the  displacement  tank  is  emptied,  thus 
permitting  the  flooded  generators  to  drain  back  into  the  main  tank. 

T  he  horizontal  revolving-drum  generator  consists  of  an  inner 
cylinder  so  constructed  as  to  admit  a  maximum  amount  of  air  to 
the  j^acking  material  contained  in  it.  The  generating  drum  is 
enclosed  in  an  air-tight  outer  cylinder  or  tank  fitted  with  air  vents. 
Half  of  the  generator  drum  is  exposed  to  the  air  and  half  submerged 
in  the  vinegar  stock  as  the  drum  is  rotated. 

The  large-room  generator  (Grossraumbildner)  is  a  large,  rec¬ 
tangular,  closed,  recirculating  generator.  It  was  designed  by  Frings 
in  Germany.  This  generator  and  other  interesting  modifications 
are  described  in  detail  by  Wiistenfeld,^'^  Mitchell,^"  and  Verona."^’ 

Since  none  of  them  are  of  commercial  importance,  they  will  not  be 
discussed  here. 

Fhe  most  recent  modifications  of  the  modern  generator  process 
consist  chiefly  in  improvements  in  design  and  instmmentation.  All 
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such  imj)r()vcinents  are  inteiulecl  to  increase  the  eHiciency  and  ease 
or  oj^eration.  (See  Fet/er,‘=‘  Frings,'"  Hansen.'^  Speas,^=*  Fhner," 
l.owy,"'^  and  otliers.) 

An  interesting  process  and  e(|uipinenl  lor  producing  \'inegar  in 
an  atomizing  chainl)er  has  l)een  jKitented  recently  by  Mackin.-"'’ 
In  this  process,  tlie  vinegar  stotk  containing  vinegar  l)a(teria  is 
sprayed  through  jet  nozzles  ol  a  distril)utor  located  in  the  to])  ol  a 
closed  chamber.  The  finely  tlisj)ersed  droplets  are  allowed  to  lall 
through  air  being  tnrbulently  circulated  in  a  countercurrent  direc¬ 
tion  in  the  chamber,  d'he  litjuid  is  collected,  cooled  to  below  95°F, 
and  returned  lor  reatomizing  until  (onversion  of  the  alcohol  is 
complete. 

Although  not  yet  of  (onnnercial  importance,  the  possibility  of 
oxidizing  alcohol  to  acetic  acid  by  snbmerged  culture  of  acetic  acid 
bacteria  has  received  some  attention.  For  cxam])le,  Hromatka  and 
Fbner’’"  conijjared  generator  oxidation  with  submerged-cnlture 
oxidation.  I’hey  found  oxygen  consuni])tion  in  generator  vinegar 
production  is  a  linear  function  of  time.  In  the  sidnnerged-cidture 
oxidation,  they  found  that  acid  formation  is  an  exponential  function 
of  time.  The  sid)merged-cultnre  j)rocess  permitted  thirty  times 
faster  oxidation  of  the  same  amount  of  alcohol.  The  acetic  acid 
bacteria,  during  submerged  exponential  fermentation,  had  an 
average  Q02=  7,750  ml  oxygen  j)er  gram  dry  weight  per  hour. 

PROCFSSINC;  OF  VlNECiAR 

Each  finished  lot  of  vinegar  is  pumj)ed  from  the  generator  into 
storage  tanks  where  it  may  be  allowed  to  stand  lor  several  weeks  oi 
months.  In  some  cases,  storage  is  only  momentary.  In  others,  the 
vinegar  may  stay  long  enough  to  age  or  mature  before  it  is  prepared 
for  its  final  (ontainer. 


Aging 

Freshly  made  generator  vinegar  usually  is  harsh  in  llavoi  and 
odor  when  compared  with  the  same  \’inegar  alter  storing  lor  some 
time  in  barrels  or  tanks.  Dining  the  j)eriod  of  storage  (aging),  the 
harsh  flavor  and  aroma  disa]>pear  and  the  vinegar  becomes  mild, 
with  an  agreeable  and  pleasing  flavor  and  odor.  I  he  chemic.d 
changes  which  occur  during  aging  are  thought  to  be  similar  in 
many  resj)ects  to  those  which  occur  when  wine  is  stored.  Such 
changes  have  been  discussed  in  (]haj)ter  7.  Esteiification  is  one  ol 
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the  known  clianges  and  may  be  illustrated  by  the  iollowing  equa¬ 
tion: 

(;n/;()()H  +  (  H^CH.oH - >  c  h,(:(k)c;h/:h,  4-H/) 

Acetic  acid  lahyl  alcohol  Lthyl  acetate 

rhe  vinegar  should  lie  placed  in  well-filled  wooden  battels  oi 
tanks  lor  aging.  Ibiless  the  vinegar  is  stored  in  air-tight  containeis 
some  of  the  acetic  acid  may  Ite  oxidized  l)y  the  vinegar  bacteria. 
Acetobacter  aceti,  found  in  most  generators,  and  the  cellulose- 
forming  Acetohacter  xylinuin  are  species  representative  of  the  “over- 
oxidizing”  vinegar  liacteria.  T  hese  overoxidizing  bacteria  may  be 
active  in  the  generators  and,  if  supitlied  with  enough  air,  cause  the 
oxidation  of  the  acetic  acid  which  they  have  already  produced. 
T  he  complete  oxidaticjn  of  acetic  acid  caused  l)y  these  bacteria  is 
represented  by  the  follcjwing  stoichiometric  equation: 

Acetohacter  enzymes 

(.H^COOH  +  ^ - >  2CO,  +  2HA) 

Acetic  acid  Oxygen  Carbon  dioxide  Water 

Care  should  be  taken  to  use  good,  sound,  clean  cooperage  for 
aging.  Oak,  redwood,  cypress,  or  other  wood  which  does  not  impart 
a  noticeable  off-flavor  may  be  used. 

It  is  not  economical  or  always  necessary  to  store  vinegar  for 
aging.  Cider  and  wine  vinegars  do  improve  in  flavor  and  aroma 
when  aged.  However,  only  the  best-cptality  stocks  of  these  vinegars 
destined  lor  use  as  condiment  vinegars  are  aged  in  any  quantity. 
Distilled  vinegar,  which  is  so  commonly  used  as  an  ingredient  in 
some  other  food  products,  is  used  generally  within  a  short  time  after 
its  jjroduction  and,  if  stored,  is  not  stored  for  the  specific  jnirpose  of 
aging. 


Clarification 

VTnegar  must,  according  to  custom,  be  brilliantly  clear  when 
ottered  for  sale.  T  herefore,  it  is  necessary  to  clarify  it.  Clarihcation 
usually  is  effected  liy  some  system  of  filtration,  although,  under 
certain  conditions,  satisfactory  clearing  may  occasionally  result 

from  simple  settling.  Under  special  circumstances,  finiiip  mav  be 
tlesirable. 


Any  fdtration  system,  regardless  of  the  type  (plate  and  frame, 
horizontal  plate,  pad,  screen  or  pulp  filters)  will  be  satisfactorv  for 
( larifu  ation  of  most  vinegars,  il  operated  intelligently. 
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I  he  use  ol  cliatoiiiaceous  silica  (inlusorial  eartli)  will  niaierially 
increase  the  rate  ot  elFective  filtration  ol  vinegar,  it  is  mandatory  to 
use  filter  aid  with  plate  and  Irame  or  screen-tyj^e  filters.  Dia- 
tomaceons  silica  may  also  be  used  effectively  as  an  aid  with  various 
horizontal-plate  filters. 

Ordinary  fining  agents  which  may  be  used  for  the  clarification 
of  vinegar  include  egg  albumen,  casein,  gelatin,  isinglass,  and 
bentonite.  These  clarification  agents  cause  coagulation  and  settling 
of  the  colloitlal  particles  in  the  cloudy  vinegar,  either  by  direct 
chemical  combination  with  the  j^articles  or  by  neutralizing  their 
electrical  charge.  After  aj)propriate  laboratory  tests,  the  selected 
fining  agent  is  thoroughly  mixed  with  the  vinegar,  bhe  vinegar  is 
circulated  while  the  agent  is  added  slowly  until  finely  dispersed 
throughout.  This  mixture  is  then  allowed  to  stand  until  the  sus¬ 
pended  matter  settles  out.  If  the  fining  has  been  successful,  the 
supernatant  vinegar  is  brilliantly  clear  and  can  be  racked  oft  from 
the  more  or  less  compact  sediment. 

In  practice,  however,  only  a  small  quantity  ol  vinegar  is  ever 
clarified  by  fining,  principally  because  of  the  uncertainty  ot  results 
and  the  loss  ot  the  vinegar  left  in  the  sediment  after  fining. 
Clarification  by  filtration  is  much  more  certain  to  be  successful 
and  is  employed  because  of  its  chea|jness  and  because  large  volumes 
of  vinegar  can  be  handled  rapidly.  However,  corrodable  metal 
shoidd  be  rigorously  avoidetl  at  all  j.)oints  ol  contact  with  the  stock 
or  vinegar.  Unless  this  is  done,  neither  clarification  nor  fining  will 
give  a  stable  bottled  cider  or  wine  vinegar,  or  any  vinegar  which 
can  be  used  with  safety  in  the  manufacture  of  other  food  products. 
A  special  fining  procedure  should  be  used  lor  the  lemoval  of 
copper  and  iron  from  vinegar. 


Sterilization  of  Vinegar 

After  clarification  by  filtration  or  fining,  the  vinegar  Ireciuently 
develops  “mother”  in  the  liottom  of  the  container,  or  a  thick 
membrane  at  the  surface,  or  even  becomes  cloudy  throughout  be¬ 
cause  the  acetic  acid  fiacteria  have  started  to  grow  again.  The 
growth  of  these  bacteria  in  the  vinegar  may  be  jnevented  by 
pasteurization,  by  chemical  sterilization,  or  by  sterile  filtration. 

Vinegar  may  be  pasteurized  in  one  of  three  ways:  (1)  m  bulk; 
the  vinegar  is  then  cooled  and  filled  into  bottles,  jugs,  or  barrels 
and  sealed;  (2)  by  continuous  flash  pasteurization;  the  heatec 
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vinegar  is  filled  directly  into  bottles  or  jugs  and  sealed;  (3)  by 
bottle  pasteurization;  the  vinegar  is  filled  into  bottles  or  jugs  anc 

pasteurized  by  innnersion  in  the  water  bath. 

The  acetic  acid  bacteria  are  not  particularly  heat  resistant, 
although  some  ot  the  data  lound  in  the  literature  are  somewhat 
contradictory.  Because  conditions  ot  general  sanitation  vary  so  much 
in  practice,  the  temperature  data  as  given  here  have  a  reasonable 
safety  factor  added,  which  practice  has  shown  to  be  adequate  to 
handle  all  degrees  of  sanitation  in  the  vinegar  plants.  the 
vinegar  is  to  be  j^asteurized  in  bulk  (in  pasteurizing  tanks),  it  is 
customary  to  heat  it  to  140'’  to  150°F  lor  at  least  .30  minutes,  cool 
it  to  about  90°  to  100°F,  and  then  fill  it  into  bottles,  jugs,  or  barrels. 

For  flash  j^asteurization,  the  vinegar  is  made  hot  enough  to 
provide  a  center  temperature  of  150°  to  160°F  in  the  bottle  at  time 
of  closure.  If  the  vinegar  is  to  be  bottle  pasteurized,  the  glass  con¬ 
tainers  filled  with  cold  vinegar  are  immersed  in  a  water  bath  held 
at  a  temperature  of  150°  to  1()0°F  lor  sufficient  time  to  bring  the 
center  temperature  to  150°F.  "Fhe  containers  of  vinegar  are  then 
closed  and  cooled. 

Ointrol  of  the  vinegar  bacteria  may  also  be  effected  by  the  use 
of  chemical  preservatives.  However,  there  are  certain  legal  require¬ 
ments  wdiich  have  discouraged  the  general  use  of  chemical  preserva¬ 
tives  for  vinegar,  although  sulfur  dioxide,  benzoic  acid,  and  silver 
ions  have  been  used. 

Sterile  or  germproof  filtration  may  also  be  used  to  prevent  the 
growth  of  acetic  acid  bacteria  in  vinegar.  This  method  of  steriliza¬ 
tion  requires  a  filtration  technicpie  which  wdll  remove  all  of  the 
bacteria  from  the  vinegar.  It  also  requires  a  high  level  of  sanitation 
wdiich  insures  that  the  filtered  vinegar  will  be  bottled  under  aseptic 
conditions  into  sterile  containers.  Sterile  or  germproof  filtration  is 
especially  to  be  recommended  for  the  best  wine  vinegars  whose 
quality  might  be  impaired  by  heat.  It  is  to  be  stressed,  how'ever, 
that  the  method  should  not  be  used  unless  under  the  direction  of 
qualified  personnel. 


Containers  for  Vinegar 

Although  some  vinegar  is  still  sold  in  bnlk  from  barrels,  most 
of  It  IS  sold  through  retail  channels  in  various  sizes  of  glass  con¬ 
tainers,  jn-mcipally  innt  and  quart  bottles  and  half-gallon  and 
gallon  jugs.  File  glass  containers  must  be  well  filled  and  tightly 
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closed  tcj  prevent  access  ot  air.  Screw-cap  closures  are  commonly 
used.  Some  ol  the  large  plants  employ  vapor-vacuum  type  closures. 
Regardless  of  the  type,  the  closure,  if  metal,  must  be  well  protected 
against  the  corrosive  action  of  the  vinegar. 

\4negar  to  be  used  in  the  food  industries  may  be  sold  in  barrel 
lots  or  in  truck  or  railroad  tank  car  cjuantities.  Formerly,  most  ol 
the  bulk  vinegar  was  handled  in  oak  barrels.  Now  spruce  or  fir 
barrels  are  used  extensively.  T  he  barrels  are  heavily  coated  with 
paraffin  to  protect  the  vinegar  from  off-llavors  or  odors  coming  from 
the  wood.  I'ruck  and  railroad  tank  cars  may  be  made  of  wood, 
glass-lined  metal,  resistant  stainless  steel,  or  other  corrosionproof 
metal,  or  plain  metal  whose  interior  surfaces  have  been  covered 
with  some  imj^ervious  coating  to  prevent  contact  of  the  vinegar 
with  the  metal. 


DEFECTS  OF  VINEGAR 

Metallic  (Contamination 

.\1  though  the  acetic  acid  bacteria  Irecpiently  are  the  chief  cause 
of  the  deterioration  of  bottled  vinegars,  persistent  ignorance  ol 
tbe  seriousness  of  metallic  contamination  probably  causes  a  gieatei 
economic  loss  of  vinegar  and  other  food  |)roducts.  It  is  well  known 
that  iron  contamination  may,  if  concentrated  enough,  cause  darken¬ 
ing  or  clouding  of  vinegar;  copper  and  tin  may  cause  clouding, 
zinc  will  produce  a  poisonous  zinc  acetate;  and  all  ol  the  metallic 
ions  will,  in  solution,  adversely  affect  the  taste  ol  vinegar.  How¬ 
ever,  in  spite  of  scientific  knowledge  that  metallic  contamination  of 
bottled  vinegars  is  undesirable,  its  lull  significance  is  not  as  wide!) 
recognized  as  its  economic  imiiortance  would  merit.  This  is  par¬ 
ticularly  true  in  cases  where  large  cpiantities  of  copper  or  iron 
originally  contained  in  the  vinegar  may  cause  deleterious  changes 
in  food  products  prepared  with  such  vinegar.  Gopjier  jirobably  is 
the  most  serious  ollender,  although  in  most  cases  copper  and  iron 
are  found  as  simultaneous  contaminants  ol  the  vinegai. 

Vinegar  contaminated  with  copper  still  is  unwittingly  used 
to  prepare  licinors  and  brines  used  in  the  pickling  of  cucumbers, 
oreen  vegetables,  green  peppers,  green  olives,  capers,  and  sinu  ai 
nickled  foods  which  contain  chlorophyll.  Fhe  copper  Irom  the 
replaces  ll.e  .naRnesiun.  in  ll.e  elilnrnphyll  .nnleenic  and  an 
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also  l)e(omes  metallic.  Only  a  lew  (1  to  5)  parts  per  million  ol 
copixa  are  retjuired  to  change  the  color  ol  these  pickled  products 
perceptibly.  I  he  unnatural,  artilicial,  green  to  blue-green  color  is 
^  already  intense  with  only  10  j^pm  ol  copper  in  the  brine.  Ihe 
intensity  ol  the  artificial  color  anti  metallic  oil-flavor  increases  in 
direct  proportion  to  the  cojiper  content. 

Undesirable  clouding  ol  cider  or  wine  vinegar  will  occur  with 
comparatively  small  amounts  ol  copper  contamination  just  as  with 
wines.  Cider  and  wine  vinegars  contain  enough  accessory  sub¬ 
stances  to  produce  the  copper  comidex  which  causes  the  turbidity 
called  “copper  casse”  in  the  wine  industry.  Distilled  vinegar,  how¬ 
ever,  although  it  may  contain  25  ppm  ol  copper,  does  not  cloiul 
because  it  does  not  contain  enough  accessory  substances.  I'hereiore, 
absence  ol  clouding  is  no  guarantee  that  distilled  vinegar  contains 
no  copper. 

Although  “black  vinegar”  probably  is  the  most  publicized 
delect  caused  by  iron  contamination,  the  common  turbidity  ol 
vinegar  caused  by  iron  occurs  more  Irequently.  Blackening  ol 
vinegar  is  caused  by  the  reaction  ol  iron  and  tannins  contained  in 
the  vinegar  to  lorm  an  iron-tannate  complex  which  is  black,  bluish 
black,  or  greenish  black.  According  to  Campbell,  100  ppm  ol  iron 
is  required  to  j^roduce  black  vinegar.  This  delect  now  apj)arently  is 
ol  rare  occurrence,  in  the  western  United  States  at  least,  because  ol 
the  low  concentration  ol  tannins  lound  in  most  vinegars  or  the 
original  stocks  except,  ol  course,  those  stored  in  improperly  treated 
new  cooperage  or  those  overlined  with  gelatin  and  tannins. 

Unlike  black  vinegar,  turbid  or  hazy  vinegar  resulting  from 
the  reaction  ol  iron  with  phosphates  occurs  rather  Irequently  be¬ 
cause  the  concentration  ol  j^hosphates  is  higher  than  that  ol  the 
tannins  necessary  lor  the  development  ol  black  vinegar.  Vinegar 
eontaining  the  colloidal  iron  phosjdiates  complex  has  a  light- 
colored,  slightly  bluish,  irridescent  haze.  Such  turbidity  is  some¬ 
times  called  “blue  casse”  or  “white  casse”  in  the  wine  industry  to 
distinguish  it  Irom  the  “black  casse”  or  “blue  casse”  which  is 
caused  by  the  leaction  ol  iion  with  tannins.  The  nomenclature  ol 
the  various  types  ol  casse  ’  obviously  has  been  conlused  unneces¬ 
sarily  in  some  ol  the  enological  literature.  It  is  suggested,  therelore, 
to  use  a  more  specific  nomenclature  (i.e.  lerric  or  iron  phosphate.s 
turbidity;  lerric  or  iron  tannates  blackening;  cuprous  or  copper 
clouding)  and  to  discontinue  the  use  ol  the  various  forms  ol  “casse.” 
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As  already  inenlioned,  vinegar  conLaininated  witli  iron  is  quite 
objectionable  lor  use  in  other  lood  products,  d  he  iron  contained 
in  such  vinegar  causes  undesirable  tlarkening  ol  brines  used  to 
cover  pickled  cucumbers,  olives,  and  vegetables.  It  also  causes  an 
undesirable  graying  ot  pickled  vegetables,  such  as  caiditlower, 
onions,  garlic,  Japanese  white  radishes,  and  horse  radish,  as  well 
as  a  discoloration  ol  olives  and  cucumbers.  In  addition,  the  iron 
causes  a  noticeable  metallic  ofl-llavor  in  all  ol  the  commodities  so 
altected. 

Both  copper  and  iron  are  also  known  to  accelerate  rancidifi- 
cation  ol  lats  and  oils,  rherelore,  although  the  writer  knows  ol  no 
supporting  experimental  data,  the  copper  and  iron  contained  in 
contaminated  vinegar  conceivably  might  accelerate  rancidification 
ol  lats  in  lood  products  which  contain  vinegar  as  an  ingredient. 

The  copper  in  solution  in  vinegar  reacts  only  in  the  reduced 
(cuprous)  lorm  with  the  accessory  compounds  to  produce  the 
reversible  colloidal  copper  complex.  C}n  oxidation,  the  colloidal 
ccjjiper  complex  will  disappear.  Howev'er,  with  iion  also  piesent  as 
a  contaminant,  complete  clearing  ol  the  vinegar  will  never  occur 
because  ol  the  simultaneous  lormation  ot  the  iron  phosphates 
complex.  In  the  reduced  (lerrous)  lorm,  iron  will  not  react  with 
tannins  or  jihosphates.  However,  once  the  iron  is  oxidizetl  to  the 
lerric  state,  it  will  produce  the  delects  already  described.  Nonethe¬ 
less,  a  metallic  turbidity  ot  vinegar  could  not  be  attributed  to 
either  copper  or  iron  without  conlirmatory  analyses,  because  they 
usually  are  found  as  simultaneous  contaminants  ol  vinegars. 

Vinegar  stocks  and  vinegars  become  contaminated  with  coppei 
and  iron  largely  through  contact  with  corrodable  metal  alloys  used 
in  equipmeiit.  Metal  pick-up  occurs  in  vinegar  because  ol  the 
extremely  corrosive  action  ol  the  acetic  acid  it  contains. 

Hose  connections,  valves,  pijie  lines,  jnimps,  heat  interchangeis, 
spargers,  Idters,  pasteurizers,  bottling  equipment,  tank  trucks  or 
cans',  lunnels,  bottle  caps,  generator  packing,  etc.,  may  contribute 
to  undesirable  metal  contamination.  Ol  the  generator  packings, 
coke  and  certain  unglazed  ceramic  materials,  such  as  Raschig  rings 
may  contain  excessive  amounts  ol  iron  which  must  be  removed  by 
c,rdul  washing  with  dilute  mineral  acid,  lollowed  by  vinegar  and 
i  en  titer  'L  prevent  metal  contamination,  corrosion-resistant 

,:r<nhe,  materials  shottlcl  l,c  „se.,  at  a„  ,,.i,.ts  where  the 
Stock  ol  vinegar  contacts  eiiuipment  surlaces. 
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Only  the  most  resistant  alloys  of  stainless  steel,  glass,  or  other 
noncorrodahle  materials,  such  as  hard  rubber,  pressed  jjaper,  and 
wood  should  be  used  in  contact  with  vinegar.  Metals,  such  as 
aluminum,  galvani/ed  iron,  or  tin,  cadmium,  nickel  and  other  plate, 
brass  and  bronze  alloys,  and  certain  stainless-steel  alloys,  shoidd  be 
avoided.  In  the  first  place,  they  are  not  resistant  enough  to  the 
corrosive  action  of  vinegar  to  be  economical  to  use.  Furthermore, 
some  of  them,  particularly  cadmium  and  zinc,  may  form  jjoisom^us 
compounds  in  the  vinegar. 

.\lthough  various  stabilization  and  c  larification  treatments  have 
been  recommended  to  stabilize  vinegar  against  metal  clouding,  they 
do  not  remove  much  of  the  copper  or  iron.  Once  the  vinegar  is  ccin- 
taminated,  the  only  sure  way  to  recover  it  for  general  food  use  is 
to  remove  the  copper  and  iron  by  a  special  fining  jirocedure  in 
which  potassium  ferrocyanide  is  used.  I'reatment  with  pcjtassium 
ferrocyanide,  known  as  “Blauschcinung”  or  “blue  fining,”  requires 
very  carefid  control  and  should  be  done  only  under  the  direct 
supervision  of  a  competent  chemist.  I'he  use  of  “blue  fining”  in 
the  Onited  States  is  not  jjracticed  and  vinegar  producers  j)refer  to 
prevent  copper  and  iron  contamination  by  use  of  the  corrosion- 
resistant  materials  alreadv  mentioned. 

z 

Browning  of  Vinegar 

Fnzymatic  browning  of  apple  juice,  caused  by  the  oxidative 
enzyme  jjolyphenoloxidase,  is  well  kne^wn.  Similar,  but  much  less 
active,  enzymatic  browning  of  juices  made  from  several  w'hite  grape 
varieties  has  been  described.  How'ever,  it  is  conjectural  whether 
oxidative  enzyme  activity  jiersists  in  finished  vinegar  made  from 
either  of  these  two  raw  materials,  especially  if  the  vinegar  has  been 
pasteuiized.  In  the  light  of  the  newer  knowledge  of  nonenzymatic 
browning  of  food  i)roducts,  in  general,  it  seems  much  more  likely 
that  simple  browning  of  bottled  vinegar  may  result  from  non¬ 
enzymatic  chemical  reactions. 


Baelerial  Defects 

As  already  stressed,  the  acetic  acid  bacteria,  themselves,  may 
cause  the  deterioration  of  vinegar.  I'he  harmful  vinegar  bacteria 
destroy  acetic  add.  One  of  them,  Acetobacter  xylinum,  is  preseiu 
in  almost  all  vinegar  factories  where  it  produces  the  “mother  of 
vinegar”  in  cider  or  wine  vinegar.  In  these  finished  vinegars,  it 
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iornis  a  slimy  sediment  at  the  l)ott()m  ol  the  bottle,  or  a  slimy, 
leathery  membrane  on  the  snrlace,  depending  on  the  amount  of 
air  available.  Acetobacter  aceti  and  other  sj)eeies  also  decompose 
acetic  acid  rapidly  under  favorable  conditions  and  cause  turbidity 
in  hnished  vinegars  if  air  is  available.  These  “overoxidizing”  species 
also  cause  deterioration  of  the  color  of  red  wine  vinegars  if  allowed 
to  grow  in  them  for  any  length  ol  time.  Ciontrol  ol  the  bacteria,  as 
already  mentioned,  is  accomplished  l)y  elimination  ol  the  air  supply, 
pasteurization,  use  ol  chemical  agents,  or  by  “sterile  filtration. 

Vinegar  Eels 

The  \inegar  eel,  Atiguiliula  aceti  (Figure  70),  is  a  tiny,  at[uatic 
nematotle  worm  fretjuently  lound  in  generators,  in  vinegar  in 
storage,  and  in  finished  vinegar.  I'hese  tiny  organisms  multiply 
l  apitily  and  live  in  vinegar  for  a  comparatively  long  time  if  supplied 
with  sufficient  air.  The  presence  of  eels  in  vinegar  is  unsightly  and, 
although  not  harmful  otherwise,  offends  man’s  esthetic  senses. 
(Control  is  possible  through  adecpiate  sanitation,  jiasteuiization,  oi 
liltration  of  the  vinegar  and  by  elimination  ol  air. 


Figlirf.  70.  A  Colony  of  Vinegar  Eels  (X‘15) 


Vinegar  Miles 

Siiecies  of  mycophagous  and  jnetlaceous 
71)  often  live  in  and  around  the  air  vents 


mites  or  lice  (Pigme 
of  generators  or  any 
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place  where  the  wood  is  always  moist  atul  a  supply  ol  lood  is 
available.  Under  lavorable  conditions  of  food  suj^ply,  temperature 
and  moisture,  the  mites  multiply  rajiidly  and  may  present  a  problem 
of  sanitation.  Control  is  effected  by  elimination  or  prevention  ol 
access  to  feeding  places.  Light  mineral  oil  spread  around  the  air 
vents  will  prevent  entry  into  the  generator.  I’he  use  ol  steam  is 
suggested  to  destroy  infestations  in  generators,  barrels,  etc.,  since 
many  insecticides  may  impart  undesirable  llavors  and  aromas.  Fui- 
thermore,  some  insecticide  residues  left  in  food  jjroducts  may  be  con¬ 
sidered  to  be  adulterations  by  regulatory  agencies. 


Figure  71.  A  Predaceous  Mite  of  the  Genus  Iphidulus,  Recovered 
frotn  a  Cider  Vinegar  Generator  in  Oakland,  Calif 
(X70) 


Vinegar  Flies 

The  vinegar  (ly,  Dyosophihi  tnelriiKigiisler,  is  iniite  toininon  in 
vinegar  plants  and  Iretjneiuly  presents  a  prohleni  in  sanitation  The 
ll.es  can  be  prevented  from  bernniing  a  tu.isa.ue  by  keepit.g  the 
plain  clean  and  tiglitly  screened  anti  by  venting  the  getierator  nacks 
to  the  ot.tsu  e  atinosphere.  Access  ol  the  Hies  to  vinegar  or  vinegar 

stock  should  also  he  prevented,  [tulicions  t.se  <,l  insecticitle.s  is 
also  recommendfd. 
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I  HE  ACKl'lC  ACID  KACri'ERlA 

Bacteria  oi  the  genus  Acelobacter,  cominonly  called  acetic  acid 
or  vinegar  i)acteria,  inckule  tlie  important  group  (d  oxidative  bac¬ 
teria  whose  chiel  industrial  lunction  is  the  oxidation  ol  ethyl  alcohol 
to  produce  acetic  acid  (vinegar),  d'he  genus  Acelobacter  Keijerinck' 
has  the  following  characteristics: 

Individual  cells  are  ellijjsoidal  to  long  and  rod-shaped,  oc¬ 
curring  singly,  in  pairs,  or  in  short  or  long  chains.  Involution  forms 
occur  wliich  have  spherical,  elongated,  filamentous,  cluh-shapetl, 
swollen,  curved  and  even  branched  cells  (Figure  72).  T  he  young 
cells  are  Ciram  negative.  Endospores  are  not  formed.  If  motile,  the 
cells  have  polar  llagellation. 

,  4  ^  y 


0 


s 

ElOllRF. 


'Ehe  mend^ers  of  the  genus  are  all  obligate  aerobes.  All  species 
are  catalase  positive,  d’he  genus  is  chemoheterotrophic,  oxub/ing 
various  organic  comi)ounds  to  organic  acids  and  othei  oxu  ation 
l,roducts  which  may  undergo  further  oxidation.  Common  oxidation 
products  are  acetic  acid  from  alcohol,  gluconic  and  sometimes  keto- 
gluconic  acid  from  glucose,  dihydroxyacetone  from  glycerol,  sorbose 

from  sorbitol,  etc. 

Ehe  nutritional  recpiirements  vary  Irom  simple  to  comple  . 

Ehe  optimum  temperature  varies  with  the  species.  ^ 

eenus  are  widely  distributed  in  nature  where  they  are  jiaituu  <  y 
al.umUHU  in  |.Lu  .natcials  nn.lersning  alclu.hV  Ic. .ncnlannn. 
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The  bacteria  are  of  jjarticiilar  importance  to  man  lor  their  role  in 
the  comjjletion  ol  the  carbon  cycle  in  nature  and  lor  the  production 
of  vinegar,  certain  other  organic  compounds,  and  in  the  deteriora¬ 
tion  of  foods. 

rite  type  species  is  Acetohacier  aceti  (Kiit/ing)  lieijerinck. 

Henneheig,'*’  in  his  classification  of  the  acetic  acid  bacteria, 
has  j)erpetuatecl  the  idea  that  a  definite  species  has  a  specific  habitat; 
i.e.,  woit,  beer,  wine,  or  generator  vinegar  (Schnellessig)  bacteria. 
Henneherg  lists  the  type  sj^ecies,  Acelohacter  aceti,  with  the  heer- 
\inegar  bacteria,  although  this  sj^ecies  probably  is  the  most  widely 
distributed  in  nature  of  all  of  the  vinegar  bacteria.  I'herefore,  it 
is  obvious  that  this  idea  is  not  tenable,  as  has  been  j^ointed  out  by 
\'aughid‘  and  Shimwell.^^ 

II  the  vinegar  bacteria  must  be  clifierentiated,  from  the  utili¬ 
tarian  point  of  view,  it  is  much  more  accurate  and  just  as  usefid 
to  classify  them  on  the  basis  ol  tlteir  ability  to  oxidize  a  substrate, 
such  as  alcohol  or  glucose.  This  type  ol  treatment  segregates  the 
undesirable  species  from  the  desirable  ones,  regardless  of  tlie  origin: 

(1)  Species  which  cause  comjjlete  oxidation  of  the  substrate. 

(2)  Species  which  cause  incomj)lete  oxidation  of  the  sidjstrate. 

A  key  to  the  species  ol  Acetobneter  based  on  this  system  was 

projjosed  by  Vaughn^'  and  further  extended  by  hinT*^  in  Bergey’s 
Manual  of  Determinative  Bacteriology.  The  key  was  developed  and 
extended  on  the  basis  ol  earlier  work  by  \  isser’t  Hooft.^"*  T1  he 
system  is  workable  and  reasonably  accurate,  as  is  shown  by  the 
acceptance  by  Shimwell.®^  1  his  classification  has  been  clevelojjed  on 
the  basis  of  broad  taxonomic  lines.  It  does  not  include  the  many 

technolcjgical  names  which  are  abundant  in  some  of  the  literature 
on  vinegar. 

All  bacterial  taxonomy  and  nomenclature  is  based  on  priority 
and  is  governed  by  a  rigid  code.  I'he  industrial  bacteriologist  or 
chemist,  who  uses  bacteria  to  jn'ocluce  specific  chemicals  or  foods 
should  pay  the  same  attention  to  the  dillerentiation  and  nomencla¬ 
ture  ol  the  bacteria  as  he  does  to  the  differentiation  and  nomen¬ 
clature  ol  the  compounds  )noduced  by  their  activity.  Unless  this 
obligation  IS  accepted,  the  present  confusion  can  onlv  increase 


MECHANISM  OF  ACEl  1C  ACID  FORMA  EION 
The  oxidation  of  alcohol  to  acetic  acid  is  the  result  of  de¬ 
hydrogenation  reac  turns,  involving  the  cytochrome  svstem  Acefddc 
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hyde,  the  principal  intennediate,  was  first  detected  l)y  Hoyer.*'' 
The  conversion  of  alcohol  to  acetic  acid  may  be  represented 
by  the  following  reactions: 


1.  Fovmaiion  ot  acetalclfhvclc 
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Foiniation  of  acetic  acid 
OH  Aldehyde 
/  tlehvdrogenase 

Cfl,— C  — OH - ^ - »  CH, 

\ 

H 

■1.  Flection  transfer 

C'.ytochroine  system 

4  H  -  4-  4  e  +  O,  — - ^ - >  2  H/) 

It  sbonld  be  stressed  that  these  reactions  represent  stoichio¬ 
metric  acetification.  ^Vbat  effect  the  amounts  of  alcohol,  the  air 
suj)ply,  and  different  acetic  acid  bacteria  may  have  on  ovTi-all 
acetification  is,  in  many  cases,  conjecttiral.  tor  furthei  leading,  the 
publications  of  Ifernhauer,"  Hutlin,'’  ()])penheimcr  and  Stern, 
^^ichaelis,''^  Porter,'''’  and  Prescott  and  Dtnnv’"  are  suggested. 

( :( )  M  P  E  I  1 N  G  PROCESSES 

Edible  acetic  acid  or  vinegar  imtst  be  of  biological  origin, 
riierefore,  there  is  no  comjietition  in  this  field.  Suggestions  have 
been  made  to  use  fermentation  as  a  source  of  industrial  acetic  acid. 
Aficrobiological  acetic  acid  might,  of  course,  be  concentrated, 
probably  best  by  vapor-jihase  solvent-extraction  procedures,  such 
as  are  used  in  modern  wood-distillation  plants  lor  recovering  acetic 
acid  from  pyroligneous  acid.  However,  the  costs  ()f  concentration 
make  this  jirocess  uneconomic  for  the  j>roduction  of  industiial 
acetic  acid  in  competition  with  the  synthetic  production  of  this 
commodity  from  acetylene  or  through  catalytic  oxidation  of 

ethanol. 
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Beer,  preservative  agents  in,  192 
Beer  jjroduction  figures,  174 
Beer  still  lor  butanol  acetone 
beers,  382 

Beer  still  lor  grain  alcohol  beers, 
51 

Beer  still  for  sulfite  waste  liquor 
beers,  112,  115,  121,  124 
Beer  still  lor  wood  hydrolyzate 
beers,  KiO 
Beer,  types  of,  175 
Beer  well,  50,  81,  115,  382 
Beer  wort  boiling,  184 
Beer  wort  cooling,  185 
Beer  wort,  sterilization  of,  182 
Bergius  jnocess  for  hydrolysis  of 
wood,  144,  316 

Bergius  process  for  hydrolysis  of 
wood,  economics  of,  165 
Bergius  process,  raw  material  re- 
(juirements  for,  145 
Beta-alanine,  300,  301 


Betaine,  339 

Biochemical  oxygen  demand  of 
molasses  alcohol  stillage,  86 
Biochemical  oxygen  demand  ol 
sulfite  waste  licpior  stillage, 
128 

Biochemical  oxygen  demand,  re¬ 
moval  from  sulhte  w^aste  licjuor 
by  yeast  j:)rocluction,  339 
Bionic  acids  by  bacterial  oxida¬ 
tion  of  clisacc  haricles,  450 
Biotic  acid,  301 
Biotin,  277,  300,  338,  357,  359 
Bisidfite  addition  compounds  in 
sulfite  w'aste  licjuor,  107 
Blackstrap  molasses.  See  Mc3- 
1  asses. 

Bock  beer,  176 

Boron  compounds  in  gluconic 
acid  fermentation,  454,  455 
Bottoms  yeast  method,  88,  110 
Brew  kettles,  184 
Brewers’  grains,  194 
Brewers’  yeast,  194,  311,  312 
Brewery  fermentation,  course  of, 
188 

Brew'ing  adjuncts,  175,  179 
Brewing,  analytical  methods  for, 
192 

Brewing  by-products,  194 
Brewing  fermentation  ])rote- 
clures,  187 

Brewing  fermentation  tempera¬ 
tures,  189 

Brewing  history,  172 
Brewing  ingredients,  175 
Brewing  literature,  193 
Brewing,  mashing  for,  by  com¬ 
bination  or  cooker  j^rocess,  182 
brewing,  mashing  for,  by  decoc¬ 
tion  process,  182 

Brewing,  mashing  for,  by  infu¬ 
sion  i)rocess,  182 
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lirewing,  mashing  or  preparation 
of  wort  lor,  180,  181,  183 
Brewing,  raw  materials  for,  175, 
178 

Brewing,  separation  of  wort  in, 
183 

Brewing,  technical  advances  in, 
173 

Brewing,  wort  boiling  lor,  181 
Brewing,  wort  filtration  tor,  185 
Brewing  yeast  cultures,  18(1 
Buffer  capacity  of  alcoholic  ler- 
mentation  grain  mashes,  58, 
59,  61 

Burgundy  wines,  199,  243 
Butadiene,  349 

2,3-Butanediol,  3,  206,  267,  268, 
399 

Butanol  acetone  cultures,  353, 
355 

Butanol  acetone  cultures,  bac¬ 
teriophages  for,  360 
Butonal  acetone  cultures,  differ¬ 
ences  in,  356 

Butanol  acetone  cultures,  im¬ 
munization  against  bacteri¬ 
ophages,  360 

Butanol  acetone  cultures,  lab¬ 
oratory  media  tor  isolation 
and  cultivation,  354 
Butanol  acetone  cultures,  media 
for,  377 

Butanol  acetone  fermentation, 
analyses  to  follow  tiend  of, 
361 

Butanol  acetone  fermentation, 
bacteriophage  or  virus  infec¬ 
tion  of,  352 

Butanol  acetone  fermentation, 
by-products  and  wastes,  383 
Butanol  acetone  fermentation, 
carbohydrate  concentrations 

for,  362 


Butanol  acetone  fermentation, 
conijjarison  of  fermentation  of 
corn  and  molasses,  356 
Butanol  acetone  fermentation, 
control  of  seetl  develoj)ment, 
380 

Butanol  acetone  fermentation, 
economics  of,  384 
Butanol  acetone  fermentation, 
effect  of  temperature  on  mo¬ 
lasses  fermentation,  382 
Butanol  acetone  fermentation, 
effect  of  temperature  on  sol¬ 
vent  yields,  357,  382 
Butanol  acetone  fermentation, 
evaluation  of  cultures  for,  354, 
356 

Butanol  acetone  fermentation 
for  riboflavin  production,  348 
Butanol  acetone  fermentation, 
general  etpiipment  for,  375 
Butanol  acetone  fermentation, 
history  of,  349 

Butanol  acetone  fermentation, 
inhibition  by  copper,  376,  377 
Butanol  acetone  fermentation, 
inoculum  development  in  the 
laboratory,  377 

Butanol  acetone  fermentation, 
limitation  by  butanol  concen¬ 
tration,  362 

Butanol  acetone  fermentation, 
maintenance  of  cidtures,  355 
Butanol  acetone  fermentation 
median  ism,  365 

Butanol  acetone  lermentation, 
method  for  isolation  of  eul- 
tures,  353 

Butanol  acetone  fermentatioin 
nutrient  requirements  for,  357 
Butanol  acetone  fermentation  of 
beet  molasses,  3/3 
Butanol  acetone  fermentation  o 

corn,  368 
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Huianol  acetone  lermentation  ot 
grain,  350 

Butanol  acetone  lermentation  ol 
liigli  test  molasses,  effect  of 
ammonium  content  on,  372 

Butanol  acetone  fermentation  of 
high  test  mcjlasses,  nutrient  re- 
(jnirements  of,  370 

Butanol  acetone  fermentation  of 
hyclrol,  371 

Butanol  acetone  fermentation  of 
molasses,  351 

Butanol  acetone  fermentation  of 
molasses,  nutrient  require¬ 
ments  of,  351,  352 

Butonal  acetone  fermentation 
of  molasses,  optimum  temper¬ 
ature  for,  352 

Butanol  acetone  fermentation  of 
molasses,  j)H  control  in,  352 

Butanol  acetone  fermentation  of 
molasses,  solvents  ratio  from, 
352 

Butanol  acetone  fermentation  of 
sugars,  351 

Butanol  acetone  fermentation  of 
suHite  waste  licpior,  374 

Butanol  acetone  fermentation  of 
whey,  374 

Butanol  acetone  fermentation  ot 
wood  sugar,  374 

Butanol  acetone  fermentation  of 
xylose  and  pentosan  hydroly- 
zates,  374 

Butanol  acetone  fermentation, 
oj)timum  temperature  for,  356 

Butanol  acetone  fermentation, 
j)lant  inoculum  development, 
379 

Butanol  acetone  fermentation, 
ratios  of  solvents  jn'oduced, 
356 


Butanol  acetone  fermentation, 
raw  materials  for,  348,  359, 
368 

Butanol  acetone  fermentation, 
recovery  of  products,  382 
Butanol  acetone  fermentation 
solvents  ratios,  362 
Butancil  acetone  fermentation, 
sterilization  of  equipment  for, 
378 

Butanol  acetone  fermentation, 
temperature  control  in,  357 
Butanol  acetone  fermentation, 
variation  of  solvents  ratio  by 
addition  of  nitrates,  374 
Butanol  acetone  fermentation, 
W^eizmann  process,  350 
Butanol  acetone  fermentation 
yields,  361 

Butanol  acetone  fermentor  con¬ 
trol,  381 

Butanol  acetone  fermentor 
mashes,  381 

Butanol  acetone  fermentor  op¬ 
erations,  380 

Butonal  acetone  fermentors,  376 
Butanol  acetone  plant  fermen¬ 
tation,  378 

Butanol  acetone  jjroduction  fig¬ 
ures,  385 

Butanol  acetone  soil  cultures 
356 

Butanol  acetone  solvents  yields 
from  high  test  molasses,  363 
Butanol  acetone  stillage  and 
backslop,  362,  363 
Butanol  by  fermentation  in  com¬ 
petition  with  synthetic  bu¬ 
tanol,  384 

Butanol  synthesis,  348,  384 
Butanol,  uses  for,  385 
'i-llutyl  alailiol.  See  Butanol 
3-Butylene  glycol.  See  2,3- 
Butanediol, 
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Butyric  acid,  111,  365,  366,  367, 
400,  410 

Butyric  acid,  labeled,  366 
Butyric  acid  organisms,  349 

C 

C^abernet  wine,  199 
C^alcium  base  sulfite  waste  licjuor, 
103 

C^alcium  lumarate,  crystalliza¬ 
tion  in  fermentation  media, 
479,  480 

Calcium  gluconate,  uses  for,  464 
C.alcium  lactate,  uses  lor,  415, 
416 

Calcium  pantothenate,  301 
C::alcium  tartrate  from  winery 
wastes,  246 

Caldariomyces  fumago,  473 
Candida,  152,  319 
Candida  arborea,  319,  320,  321 
Candida  utilis,  319 
Carbohydrates  of  wood,  97,  138 
Carbon  dioxitle  from  brewing, 
194 

Carbon  dioxide  from  grain  al¬ 
cohol  fermentation,  54 
Carbon  dioxide  from  molasses 
alcohol  fermentation,  84 
Carbon  dioxide,  purification  of, 
85 

Carbon  dioxide  recovery  from 
molasses  alcohol  fermentation, 

85 

Carbon  dioxide  recovery  from 
sulfite  waste  liquor  alcohol 
fermentation,  125 
C^arbon  dioxide,  uses  lor,  85,  125, 
194 

(Cassava,  69 

Cellar  operations  in  wine  mak¬ 
ing,  232 

Cellar  treatment  of  beer,  190 


Cellulose,  138 

C^ellulose  hydrolysis,  theory  of, 
142 

Cellulosic  wastes,  utilization  by 
fermentation,  6,  10,  11 
Chal)lis  wine,  199 
Champagne,  199,  243 
(lhampagne  fermentation,  243 
Cdtemurgy,  4,  7 
Chianti  wines,  199 
(diillproofing  beer,  190 
Circinella,  472 

Catric  acid,  202,  206,  225,  240, 
244,  489 

Citric  acid  analysis,  426 
Catric  acid,  commercial  produc¬ 
tion  of,  431 

Catric  acid,  commercial  sub¬ 
merged  fermentation  methotl, 

436,  439 

Citric  acid,  commercial  surface 
fermentation  method,  433 
Catric  acid,  discovery  of  produc¬ 
tion  by  A.  niger,  423 
Catric  acid  fermentation,  addi¬ 
tion  of  methaTiol  to  media, 
431,  438 

Citric  acid  fermentation,  com¬ 
position  of  the  medium,  426 
Citric  acid  fermentation,  early 
work,  421 

Citric  acid  fermentation,  lactors 
alfecting,  424 

Catric  aticl  fermentation  in  sub¬ 
merged  culture,  428,  430,  433, 

437,  438 

Citric  acid  fermentation  in  sur¬ 
face  c id t lire,  424,  429 
Catric  acid  fermentation  mecha¬ 
nism,  439 

Citric  acitl  lernientation,  me¬ 
dium  foi'  surface  culture,  423 
Ciitric  acid  fermentation,  nutri¬ 
ent  deficiency  requirement  toi 
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acid  lormation,  427,  428,  429, 
130,  432,  430,  437,  438 
Citric  acid  fermentation  of  beet 
molasses,  metal  deficiencies 
for,  132 

Citric  acid  fermentation  of  beet 
molasses,  phosphate  concen¬ 
trations  for,  432 
Citric  acid  fermentation  of  beet 
molasses,  removal  of  metals 
with  cationic  exchange  sub¬ 
stances,  433 

Cfitric  acid  fermentation  of  beet 
molasses,  removal  of  metals 
with  ferrocyanide,  432 
Citric  acid  fermentation  of  mo¬ 
lasses,  431 

Citric  acid  fermentation  organ¬ 
isms,  425 

Citric  acid  fermentation,  sugar 
concentrations  for,  425 
Catric  acid  fermentation  temper¬ 
atures,  424 

Citric  acid  fermentation,  vari¬ 
ability  of  results,  425,  431 
Citric  acid  fermentation  yields, 
426,  435,  436 

Citric  acid  production,  420 
(a'tric  acid  recovery  process,  436 
Citric  acid,  submerged  culture 
fermentation  of  beet  molasses, 
438 

Citric  acid  surface  fermentation 
process  at  Ingelheim,  435 
Catric  acid  surface  fermentation 
jjrocess  at  Ladenburg,  434-435 
Citromyces  molds,  421,  422 
(atrus  |)eel  hydrolyzates  as  raw 
material  for  yeast  manufac¬ 
ture,  317 
Clholine,  339 
Claret  wine,  199,  243 
Clarification  of  molasses  for  fer¬ 
mentation,  91 


Clostridia,  353 
Clostridium,  349,  355,  357 
Clostridium  acetobutylicum,  34/, 
349,  350,  353,  356,  357,  358, 
359,  361,  362,  364,  365,  366, 
367,  368,  370,  375 
Clostridium  butylicurn,  152,  366 
Clostridium  celerif  actor ,  351, 

353,  358 

Clostridium  felsinae,  374 
Clostridium  kaneboi,  353 
Clostridium  madisonii,  358,  361 
Clostridium  propylbutyhcum  al¬ 
pha,  351,  353 

C I  os  tridium  saccharo-acetobutyl- 
icum,  351,  353,  357,  358 
dost  ri  dill  m  saccharo-acet  o  per- 

butylicum,  358 

C I  ost  ri  d  ill  m  saccliaro-b  uty  l-a  ce- 
tonicum-liqiiefaciens,  352,  353, 
355,  358,  363,  369,  371,  373, 
382,  383 

Clostridium  tetrylium,  351 
C^ompetition  of  synthetic  and 
fermentation  alcohol,  92 
Competition  of  synthetic  and 
fermentation  butanol,  384 
Competition  of  synthetic  and 
fermentation  processes,  1 1 
(Composition  of  sulfite  waste 
liquor,  103,  118 
Composition  of  wood,  138 
Contaminants  in  alcohol  fer¬ 
mentation  of  Avood  hydro- 
lyzate,  163 

Contaminants  in  brewing,  187 
(Contaminants  in  butanol  ace¬ 
tone  fermentation,  359 
(contaminants  in  grain  alcohol 
fermentation,  58,  59 
(Contaminants  in  lactic  acid  fer¬ 
mentation,  400 

'Contaminants  in  molasses  al¬ 
cohol  fermentation,  81 
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C’.ontaminants  in  wine  and 
musts,  2 1 1 

C'.ontaminants  in  yeast  manu¬ 
facture,  283 

Contamination,  control  of,  in 
alcoholic  fermentation  of 
grain,  58,  59 

C'ontamination,  control  of,  in 
alcoholic  fermentation  of  mo¬ 
lasses,  81 

Contamination,  control  of,  in 
l)rewing,  187 

Contamination,  control  of,  in 
gluconic  acid  fermentation, 
456 

Contamination,  control  of,  in 
itaconic  acid  fermentation, 
193 

Contamination,  control  of,  in 
lactic  acid  fermentation,  400 
Contamination,  control  of,  in 
Melle  process,  90 
Contamination,  control  ol,  in 
torula  yeast  production,  320 
Contamination,  control  ol,  in 
wood  hydrolyzate  fermenta¬ 
tion,  156,  163 

Clontamination,  control  ol,  in 
yeast  mamdacture,  283 
C>)ntamination,  effect  on  alco¬ 
hol  yields,  58,  82 
C>ontamination  of  torula  yeast, 
324 

C^ontinuous  cooking  operating 
conditions,  39 

Continuous  fermentation  lor 
grain  alcohol,  68 
C:ontinuous  fermentation  lor 
lactic  acid  from  whey,  402 
Continuous  fermentation  for 
molasses  alcohol,  88 
Continuous  fermentation  lor 
sulfite  waste  liquor  alcohol, 
88,  no,  120,  124 


Continuous  fermentation  for 
torula  yeast  production,  320 
Continuous  fermentation  for 
wood  hydrolyzate  alcohol,  155, 
162 

Continuous  fermentation  for 
yeast  manufacture,  298 
Ckintinuous  fermentation,  pre¬ 
dicting  cycle  times  for,  89 
Continuous  phase  in  torula 
yeast  production,  321 
C<ontinuous  sterilization,  37 
Clonversion  of  starchy  mashes  by 
acid  hydrolysis,  65 
Conversion  of  starchy  mashes  by 
fungal  amylases,  66 
Clonversion  of  starchy  mashes  by 
malt,  26,  31,  40 

Cooking  fermentation  mashes, 
hatch  atmospheric  process  for 
grain  alcohol,  31,  32 
Cooking  fermentation  mashes, 
batch  infusion  process  for 
grain  alcohol,  31 
Cooking  fermentation  mashes, 
batch  pressure  process  for  bu¬ 
tanol  acetone,  376 
Ck)oklng  fermentation  mashes, 
batch  pressure  process  for 
grain  alcohol,  31,  32,  33,  35 
Cooking  fermentation  mashes, 
continuous  pressure  process 
for  fjutanol  acetone,  376 
Cooking  fermentation  mashes, 
continuous  j^ressure  process 
for  grain  afcohof,  31,  36,  38 
Cooling  fermentation  mashes, 

41,  48,  160,  163,  185,  189,  216, 
217 

Cop|)cr  hu  tate,  416 
(]orn  steep  li{juor,  278,  3/4,  375, 
395 

Cream  of  tartar,  238,  246 
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Cream  ol  tartar  Irom  winery 
wastes,  21() 

C5()t()iiic'  acid,  3()t) 
Cunninghatnella,  472,  473 
Cytochrome  system,  532 

I) 

Deloamiiig  agents,  290,  309 
Deloaming  in  VValdhol  torula 
yeast  j^rocess,  328 
Denatured  alcohol,  18,  73 
Dessert  wines,  198,  200,  201,  227, 
233,  239,  241,  247 
Dextrose.  See  Cducose. 
Dicarboxylic  acid  cycle,  482 
oc ,  /i-Dihydroxybutyric  acid,  360 
Distillation  ot  beers  from  alco¬ 
holic  fermentation  of  grain, 
26,  50 

Distillation  of  beers  from  alco¬ 
holic  fermentation  of  sulfite 
waste  liquor,  1 1 1 
Distillers’  by-products,  52,  54 
Distillers’  dried  grains,  53 
Distillers’  dried  solubles,  53 
Distillers’  yeast,  311 
Distillery  yeasts,  23 
“Dona”  yeast,  45 
Drying  alcoholic  fermentation 
residues,  53 

E 

Embden-iMeyerhof-Parnas  scheme 
for  yeast  dissimilation,  27 
Endoenzymes,  2 

Environmental  factors  in  alco¬ 
holic  fermentation,  57,  61 
Ereniotheciutn  aslibyii,  349 
Erythritol,  495 
Ethanol.  See  .\lcohol. 
Exoen/ymes,  2 

Extraneous  materials  of  wood 
141,  152 


F 

E'eed  yeast  plant,  313 
F'ermen  table  sugars  oi  wood 
hydrolyzate,  141 

E’ermentability  cjf  wc^od  hydroly- 
zates,  152 

Eermentation  definition,  1 
E’ermentation  efficiency,  21,  83 
E'ermentation  efficiency  (plant 
basis),  21,  83 

E’ermentation  in  food  j^roducts, 
3 

E’ermentation  mechanisms.  See 
under  Individual  fermenta¬ 
tions. 

Fermentation  mechanism  for 
yeast  cell  synthesis,  317 
Fermentation  process,  success  of, 
on  industrial  scale,  2 
Fermentation  residues.  See  un¬ 
der  Individual  fermentations. 
Fermentation  temperatures.  See 
under  Individual  fermenta¬ 
tions. 

E'errous  gluconate,  465 
Fertilizer  from  molasses  alcohol 
lermentation  residue,  88 
Fixed  yeast  method,  88,  110 
Fluoride  as  fermentation  inhib¬ 
itor,  367 

Foam  control  in  W^aldhof  torula 
yeast  process,  327 
Eoam  control  in  yeast  manufac¬ 
ture,  290 

Fodder  yeast.  See  also  Torula 
yeast. 

Fodder  yeast,  97,  144,  162,  166 
Folic  acid,  277,  359 
Eood  and  feed  yeast.  See  also 
Torula  yeast  and  Yeast. 

l^ood  and  feed  yeast,  markets 
for,  312 

^ood  and  feed  yeast  sources,  31  | 
Injod  and  feed  yeast  uses,  34  I 
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Formic  acid,  152,  268,  366,  484 
Fructose,  25,  75,  97,  104,  105, 
139,  140,  144,  202,  206,  265 
Fruit  wastes  as  raw  materials  tor 
yeast  manulacture,  317 
Fruit  wines,  197 
Fumaric  acid,  366 
Fumaric  acid,  aerobic  and  anae¬ 
robic  lermentation  mecha¬ 
nisms,  485 

Fumaric  acid,  aerobic  and  anae¬ 
robic  production,  474 
Fumaric  acid  fermentation, 
aeration  and  agitation  lor 
submerged  culture,  475 
Fumaric  acid  fermentation, 
air  supply,  480 

Fumaric  acid  fermentation, 
carbohydrate  concentration 
and  conversion  efficiency,  477 
Fumaric  acid  fermentation, 
carbohydrate  source  for,  475, 
476 

Fumaric  acid  fermentation, 
carbon:nitrogen  ratio,  477 
Fumaric  acid  fermentation, 
effect  of  selective  poisons  on, 
480 

Fumaric  acid  fermentation, 
limitation  of  zinc  for  maxi¬ 
mum  yield,  478 

Fumaric  acid  fermentation 
mechanism,  481 

Fumaric  acid  fermentation, 
medium  constituents  for,  476 
Fumaric  acid  fermentation, 
mineral  requirements  of,  478 
Fumaric  acid  fermentation, 
neutralizing  agents  tor,  479 
Fumaric  acid  fermentation, 
nitrogen  source  for,  476 
Fumaric  acid  fermentation, 
reuse  of  mycelium  in,  480 


Fumaric  acid  fermentation 
yield,  475 

Fumaric  acid  from  the  tricar¬ 
boxylic  acid  cycle,  482 
F'umaric  acid  genesis  from  C:. 
precursors,  481 

Fumaric  acid  in  metabolic  cycle, 
472 

Fumaric  acid,  organisms  produc¬ 
ing,  472 

Fumaric  acid  protluction  in 
submerged  culture,  474 
Fumaric  acid  production  in  sur¬ 
face  culture,  476 
F'umaric  acid  recovery,  485 
Fumaric  acid,  strain  specificity 
of  organisms  producing,  472, 
474 

Fumaric  acid  uses,  471 
Fungal  amylases  in  alcoholic  fer¬ 
mentation,  66,  67,  69 
Furfural,  100,  152,  153 
Fusel  oil,  52,  84,  112,  122 
F’usel  oil  column,  52 

c; 

Cialactans,  142 

Galactose,  25,  97,  99,  100,  104, 
105,  139,  140,  144 
Galacturonic  acid,  104,  139,  365 
Geotrichiinn  candidum ,  320 
Gluconate  salts  in  pharmaceuti¬ 
cal  intiustry,  464 
Cduconic  acid,  436 
Cduconic  acid  by  A.  oxydous  in 
generator  tower,  449 
Cduconic  acid  by  bacteria,  447, 
449 

Gluconic  acid  by  molds  in  sub¬ 
merged  fermentation,  451 
Cduconic  acid  by  molds  in  sur¬ 
face  fermentation,  450 
Cduconic  acid  commercial  fer¬ 
mentation,  454 
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Gluconic  acid,  conditions  for 
submerged  culture  fermenta¬ 
tion,  458,  457,  4()1 
Ciluconic  acid,  conduct  of  the 
commercial  fermentation,  458 
Ciluconic  acid  delta  lactone,  468 
(iluconic  acid  fermentation.  See 
also  Sodium  gluconate, 
(duconic  acid  fermentation,  cal¬ 
cium  carbonate  neutralization 
in.  454,  458 

Gluconic  acid  fermentation,  cul¬ 
ture  maintenance,  454 
Cduconic  acid  fermentation,  de¬ 
velopment  of  cultures  in  lab¬ 
oratory,  455 

Gluconic  acid  fermentation 
mechanism,  448 

Gluconic  acid  fermentation, 
media  for,  451 

Crlu  conic  acid  fermentation, 
medium  preparation  for,  457 
Gluconic  acid  fermentation 
residues  and  wastes,  464 
(»luconic  acid  fermentation, 
use  of  boron  compounds  in, 
454,  455 

Gluconic  acid  fermentation 
yields,  450,  451 
Gluconic  acid  in  foods,  465 
Cduconic  acid  in  textile  indus¬ 
tries,  465 

Cduconic  acid  manufacture  by 
chemical  oxidation,  466 
Cduconic  acid,  medium  for  sub¬ 
merged  culture  fermentation, 
452,  458,  454,  457 
Ciluconic  acid  plant  fermenta¬ 
tion,  456 

Gluconic  acid  production  by 
molds,  447 

Gluconic  acid  recovery  as  cal¬ 
cium  gluconate,  468 
Cduconic  acid,  semicontinuous 


process  with  reuse  of  myce¬ 
lium,  458,  455,  456,  457 
Cduconic  acid,  submerged  aero¬ 
bic  fermentation  by  bacteria, 
450 

Cduconic  acid  uses,  446,  464 
Glucono-8-lactone,  465 
Glucose,  25,  75,  97,  99,  100,  104, 
105,  107,  189,  140,  144,  202, 
206,  265,  865,  866,  898,  894, 
897,  440,  446,  484 
Cducose  aerodehydrogenase,  448, 
449 

Cducose  oxidase,  448 
oc -Cducosidase,  68 
Cd  neuron  ic  acid,  139 
Cdutathione,  339,  397 
Cilyceraldehyde,  365,  366,  397, 
398 

Glycerol,  26,  83,  206,  208,  366, 
501 

Cdycerol  fermentation,  alkaline 
process,  254,  255,  259,  260 
Cdycerol  fermentation,  ammo¬ 
nium  sulfite  process,  257 
Cdycerol  fermentation.  Conn- 
stein  and  Liidecke  sodium  sul¬ 
fite  process,  254,  255,  256 
Cdycerol  fermentation,  control 
of  pH  in,  264 

Cdycerol  fermentation  during 
World  VV^ar  I,  254,  255 
Cdycerol  fermentation,  Eofl  so¬ 
dium  carbonate  process  ^>54 
259  ’  ^  ’ 

Cdycerol  fermentation,  insolu¬ 
ble  sulfite  fermentation  of 
hydrolyzed  starch,  266 
Glycerol  fermentation,  insolu¬ 
ble  sulfite  fermentation  of 
molasses,  265,  266 
Cdycerol  fermentation,  insolu¬ 
ble  sulfite  fermentation  of 
sugars,  263,  265 
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Glycerol  fermentation,  insolu¬ 
ble  sulfite  process,  255,  262 
(ilycerol  fermentation,  massive 
yeast  inoculation  in,  258,  26-1 
(ilycerol  fermentation  of  mal¬ 
tose,  265 

C;lycerol  fermentation,  Schacle 
alkaline  |n'ocess,  261 
(ilycerol  fermentation,  soluble 
sulfite  jnocess,  254,  255,  257 
(ilycerol  fermentation  yields, 
255,  257,  260,  261,  262,  263, 
2(i4,  266 

Cilycerol  j^roduction  by  bacteria, 
267 

Cilycerol  recovery  from  fermen¬ 
tation  beers,  254,  255,  256,  257, 
258,  260 

Cilycerol  sources,  252,  268 
Glycerol  synthesis,  268 
Glycerol  uses,  252 
Glycerophosphate,  365 
Glycine,  301 
Cilycolaldehyde,  366 
Cilyoxalase,  397 
Glyoxylic  acid,  366 
Grain  bills.  See  Alcoholic  fer¬ 
mentation  of  grains. 

Chain  surpluses,  utilization  by 
fermentation,  9 
Ciraj^e  seeds,  oil  from,  245 
Chapes,  acids  in,  202 
Chapes,  anthocyanin  |)igments 
in,  202,  203,  218 
Chaj)es,  carbohydrates  in,  202 
Chapes,  com|)osition  of,  201 
Chapes,  conveyors  for,  in  wine 
making,  220 

Cirapes,  crushers  and  stemmers 
for,  in  wine  making,  220 
Chapes,  crushing  for  wine,  205 
Ciraj>es,  harvesting  and  trans¬ 
portation  lor  wine  making, 
203 


Chapes,  nitrogenous  ingredients 
of,  202 

Chapes,  selection  and  handling 
for  wine  making,  200 
Ch'owth  factors  in  yeast  mashes, 
57 

H 

Heat  shocking  butanol  acetone 
cultures,  378 

Hemicelluloses,  95,  97,  102,  138, 
139,  140,  218 

Hemicelhdoses  of  wood,  hydrol¬ 
ysis  of,  99,  1 38 

Hemicelluloses  of  wood,  kinetics 
of  acid  hydrolysis  of,  99 
Henze  cooker,  35 
Heterofermentative  lactic  acid 
bacteria,  396,  397 
Hexosans,  138 
Hexosediphos])hate,  366 
Holotellulose  of  wood,  105,  138, 
139 

Homofermentative  lactic  acid 
bacteria,  39() 

Hops,  175,  180,  181 
Hybridizing  yeast,  186) 

Hydrol,  composition  of,  314 
Hydrol  for  butanol  acetone  fer¬ 
mentation,  373 

Hydrol  for  yeast  manufacture, 
278,  313 

Hydrolysis  of  cellulose,  theory 
of,  112 

Hvdrolysis  of  starch.  See  also 
Starch. 

Hvdrolvsis  of  starch,  25,  1  13 

j  ^ 

Hydrolysis  ol  wood.  See  Wood, 
oc  -  Hydroxybutyric  acid,  36)6 
^-Hydroxybutyric  acid,  366,  367 
Hydroxy(  rotoiiic  acid,  3()6 
Hydroxymethylfurfural,  75,  100, 
152,  153 
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I 

Inositol.  202,  800,  801,  859 
Intermediates  in  butanol  acetone 
fermentation,  805,  806 
Isojji'opyl  alcohol,  850,  800 
Itaconic  acid,  comj>etitive  chem¬ 
ical  synthesis,  190 
Itaconic  acid  leiinentation  hy 
snrfate  and  sidjinerged  cid- 
ture,  190,  198 

Itaconic  acid  leiinentation,  con¬ 
trol  ol  pH  in,  ‘191,  492 
Itaconic  acid  leiinentation,  cul¬ 
ture  media  lor  sporulation, 
490,  492 

Itaconic  acid  lermentation,  cul¬ 
tures  and  their  maintenance, 
489 

Itaconic  acid  lermentation,  de- 
velojmient  of  inocula,  490 
Itaconic  acid  lermentation,  eco¬ 
nomics  of,  495 

Itaconic  acid  fermentation  in¬ 
oculations,  491 

Itaconic  acid  fermentation,  in¬ 
oculum  volume,  498 

Itaconic  acid  fermentation 
mechanism,  489 

Itaconic  acid  fermentation,  me¬ 
dium  comjiosition  for  491 
492.  498 

Itaconic  atid  fermentation  of 
sucrose,  498 

Itaconic  acid  fernientalion,  o|)ti- 
muni  conditions  for  suh- 
nierged  culturing,  492 
Itaconic  acid  fermentation,  raw 
materials  for,  489 
Itaconic  acid  lernientatic:m,  ster¬ 
ilization  of  media  for,  498 
Itaconic  acid  fermentation,  suh- 
merged  culture  method,  491 
192 


Itaconic  acid  fermentation,  sur¬ 
face  culture  method,  491,  492 
Itaconic  acid  lermentation  resi¬ 
dues  and  wastes,  495 
Itaconic  acid  fermentation  yields, 
488,  489,  491,  493,  494 
Itaconic  acid  pilot  plant  fermen¬ 
tation,  492 

Itaconic  acid  pilot  plant  fermen¬ 
tation,  optimum  ccjnditions 
for,  498 

Itaconic  acid  recovery,  495 
Itaconic  acid  uses,  496 
Itatartaric  acid,  494,  495 

K 

2-Ketogluconic  acid,  449 

Ketogluconic  acids,  449 

Ketoglutaric  acid,  482 

Kojic  acid,  470,  488,  489 

Kraeusen,  188 

Kraeusen  beer,  177 

Kralt  wood  pulping  process,  102 

L 

Lactic  acid,  20,  200,  209,  267, 
208,  289,  306,  484,  485,  501 
Lactic  acid  analysis,  409 
Lactic  acid  bacteria,  growth  fac¬ 
tors  for,  894 

Lactic  acid  bacteria,  heterofer- 
mentative,  396,  397 
L.ictic  acid  bacteria,  homofer- 
mentative,  396 

Lactic  acid  by  mold  fermenta¬ 
tion,  899 

Lactic  acid,  chemical  processes 
lor  manufacture,  390 

Lactic  acid,  crude  or  technical 
403 

Lactic  acid,  crude  or  technical, 
production  of,  404 
Lactic  acid,  crude  or  technical 
yield  of,  410 
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Lactic  acid  culture  development 
in  laboratory,  400 
Lactic  acid  culture  develojjment 
in  plant,  100 

Lactic  acid  cidture  maintenance, 

400 

Lactic  acid,  edible  grade,  403 
Lactic  acid,  edible  grade,  refin¬ 
ing  for  jjroduction,  404 
Lactic  acid,  edible  grade,  yield 
of,  410 

Lactic  acid  esters,  414 
Lactic  acid  fermentation, 
changes  in  sugar  concentration 
during,  401 

Lactic  acid  fermentation,  control 
of  pH  in,  401 

Lactic  acid  fermentation,  gen¬ 
eral  equipment  for,  402 
Lactic  acid  fermentation  mech¬ 
anism,  396 

Lactic  acid  fermentation,  nutri¬ 
ents  for,  394 

Lactic  acid  fermentation  of 
starch,  395 

Lactic  acid  fermentation,  raw 
materials  for,  393,  395 
Lactic  acid  fermentation,  sugar 
concentration  for,  401 
Lactic  acid  fermentation  time, 

401 

Lactic  acid  for  deliming  hides, 
414 

Lactic  a(id  from  corn  steep 
water,  395 

I>actic  acid  from  cull  fruit,  395 
Lactic  acid  from  dextrose,  391 
Lactic  acid  from  grain  stillage, 
395 

Lactic  acid  from  hydrol,  394 
Lactic  acid  from  molasses,  394 
Lactic  acid  from  sulfite  waste 
liquor,  395 


Lactic  acid  from  xylose  and 
arabinose,  394 
Lactic  acid  from  whey,  394 
Lactic  acid,  grades  of,  403,  404 
4  1 0 

Lactic  acid,  history  of,  391 
Lactic  acid  in  food  products, 
414 

Lactic  acid  in  plastics,  414 
Lactic  acid  in  textile  and  laun¬ 
dry  work,  414 

Lactic  acid,  occurrence  of,  391 
I.actic  acid,  optically  active 
forms  of,  392 

Lactic  acid  organisms,  396,  399 
Lactic  acid  plant  fermentation, 
400 

Lactic  acid,  plastic  grade,  403, 
404,  409 

Lactic  acid,  plastic  grade,  yield 
of,  410 

Lactic  acid  production,  econom¬ 
ics  of,  411 

Lactic  acid  production  figures, 

412 

Lactic  acid  production  in  United 
States,  393 

Lactic  acid,  properties  of,  391, 

413 

Lactic  acid,  recovery  from  fer¬ 
mentation  beers,  402 
Lactic  acid  refining  by  isopropyl 
ether  extraction,  407 
Lactic  acid  refining  by  vacuum 
steam  distillation,  406 
Lactic  acid  refining  through  the 
methyl  ester,  407 
Lactic  acid,  selling  prices  of, 
413 

Lactic  acid  uses,  413 
Lactic  acid,  U.S.P.  grade,  403, 
404,  409 
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Lactic  acitl,  U.S.P.  grade,  yield 
ol,  410 

Lactic  acid  yields,  410 
Lactic  anhydride,  392 
Lactic  green,  416 
Lactic  souring  of  veast  mashes, 
45,  280 

Lactide,  393,  4 1 1 
Lactobacillus,  241,  500 
Lactobacillus  acidophil-aero- 
genes,  397 

Lactobacillus  bulgaricus,  398 
Lactobacillus  delbruckii,  45, 
280,  394,  398,  401 
Lactobacillus  lycopersici,  397 
Lactobacillus  pentoaceticus,  395, 
399 

Lactobacillus  pentosus,  395 
Lactobacilhis  therrnophilus,  395 
Lactobionic  acid,  450 
Lactose,  9,  393 
Lactyl  lactic  acid,  392 
Lager  beer,  176 
Lanter  tub,  183,  280 
Leuconostoc,  241,  500 
Levulinic  acid,  75,  152 
Levulose.  See  Fructose. 

Lignin,  95,  97,  138,  139,  141 
142,  152,  165,  316 
Lignin  derivatives,  128 
Lignin  sulfonates,  99,  104,  108 
Lignin  sulfonates  in  sulfite  waste 
liquor,  103 

Lignin  utilization,  142,  165 
Limit  dextrins,  63 
Livestock  feed  Irom  brewers’ 
extracted  grains,  194 
Livestock  feed  from  butanol 
acetone  residues,  384 
Livestock  feeds  from  grain  al¬ 
cohol  residues,  52 
Livestock  feeds  from  molasses 
alcohol  residues,  86 
Lyopliile  process,  319 


M 

Madeira  wine,  200 
Madison  wood  sugar  process, 
149,  150,  157 
Maleic  acid,  470 
Maleic  anhydride,  471 
Malic  acid,  202,  206,  209,  440, 
482,  483,  485,  501 
Malt  as  source  of  contaminants, 
64 

Afalt  beverages.  See  Beer. 

Malt  conversion  of  starchy 
mashes,  31,  40 
Malt  enzymes,  62,  64 
Malt  in  brewing,  178,  179 
Malt,  steps  in  manufacture  of, 
178 

Maltobionic  acid,  450 
Maltose,  25,  63,  265,  393 
Mannitol,  488,  501 
Mannose,  25,  97,  99,  100,  104, 
105,  107,  139,  140,  144,  448 
Marsala  wine,  200 
Mash  bills,  26,  28 
Mash  cooling,  41 
Mashing  in  brewing,  181 
Mechanism  of  fermentation.  See 
under  Individual  fermenta¬ 
tions. 

Afelle  process,  89,  110,  115 

Melle  jnoce.ss,  advantages  of  90 
1 10  ’  ‘  ’ 

Metal  removal  from  wine,  240 
^fethanol,  112 
Methionine,  339 

Methyl  acrylate  from  lactic  acid 
415  ’ 

Methyl  anthranilate,  202 
Methyl  lactate,  407 
Afethylated  spirits,  18 
Afethylglyoxal,  107,  366,  397 
■'licroorganisnis  of  fermentation, 
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Microorganisms  of  fermentation, 
outstanding  abilities  of,  3 
Mineral  content  of  molasses  al- 
coliol  resitlnes,  87 
Molasses,  5 

Molasses,  beet,  composition  of, 
277,  314 

Molasses,  blackstrap,  composi¬ 
tion  of,  75,  76,  314,  369 
Molasses,  blackstrap,  source  of, 
75,  76 

Molasses,  blackstrap,  nnferment- 
able  substances  in,  75 
Molasses,  blackstrap,  uses  in  fer¬ 
mentations,  368 

Molasses,  cane,  composition  of, 
75,  76,  277,  314 

Molasses  tlelecation  for  yeast 
worts,  280 

Molasses  fermentation  residues, 
composition  and  uses,  86 
Molasses  for  butanol  acetone  fer¬ 
mentation,  350 

Molasses  for  citric  acid  jirotluc- 
tion,  431 

Molasses  for  glycerol  fermenta¬ 
tion,  265 

Molasses  for  torula  yeast  pro¬ 
duction,  323 

Molasses  for  yeast  manufacture, 
277 

Molasses,  high  test,  composition 
of,  77,  314,  370 

Molasses,  high  test,  manufacture 
of,  77 

Molasses,  nitrogen  of,  278 
Molasses,  nonfermentable  reduc¬ 
ing  suf)stances  in,  75 
Molasses,  wood  hydroly/ate,  151 
Molasses,  yeast  growth  factors 
in,  277 

Mold  bran  in  alcoholic  fermen¬ 
tation,  66 
Monilia,  152,  283 


Monilia  Candida,  320 
Monosaccharides  in  sulfite  waste 
liquor,  104 
Mortierella,  472 
Motor  fuel,  alcohol  for,  10,  113, 
126,  382 

Mucor,  472,  473 
Mucor  stolonifer,  473 
Mucorales,  472,  473,  476 
Munchner  beer,  176 
Muscatel  wine,  199,  242 
Must  handling  for  wine  making, 
221,  226 

Must  pumps,  221 
Musts,  acidification  of,  203 
Musts,  bacterial  spoilage  of,  211 
Musts  for  wine  making,  201,  202, 
203,  205 

Musts,  sugar  concentration  of, 
203 

Mycodernia  aceti,  447 
N 

Niacin,  338,  339 
Nicotinamide,  359 
Nicotinic  acid,  277,  359 
Nitrogen  level  in  alcoholic  fer¬ 
mentation,  61,  62 
Nitrogen  sources  for  yeast  manu¬ 
facture,  278 
No  tat  in,  448,  4  19 

() 

Octadecyl  alcohol  as  antifoam 
agent,  461,  493 
Oenin,  202 
Oidiuni,  283 
Oidiuni  lactis,  319,  320 
Oospora  lactis,  320 
Organisms  for  food  or  feed,  320 
Oxaloacetit  atid,  366,  410,  183 

P 

Pantothenic  acid,  277,  300,  338, 
339,  359 
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Pectir  eii/.yme  in  wine  rnaking, 
218 

Pectin,  29.S 
Pectins,  202 
Pen  id  Ilia,  121 
Penicillin,  ■],  12,  480 
Penicilliinn ,  421,  422,  451 
Peninlliinn  ( hrysogenuni ,  151 
452 

Penicilliinn  griseo-fulvum ,  478 
Penicilliinn  liiteuni,  451 
Pen i(  t III  inn  hit e inn  -pn  vpu  vogc- 
ninn,  451 

Penicilliinn  iiotatinn,  Ill,  448 
Pentnnic  acids  by  bacterial  oxi¬ 
dation  ol  pentoses,  449,  450 
Pentosans,  188,  189,  202,  874 
Pentose  utilization  by  Toriilop- 
sis  util  is,  819 

Pentoses,  25,  100,  189  15^  9()9 
.^09,  824,  865  ’ 

Phage  infections  in  yeast  manu- 
lacture,  821 
Phenylalanine,  801 
Phosphoenoljiyruvate,  868 
Pbosphoglyceric  acid,  865  866 
Phyconiyces,  472 
Pfiy^^^ffiycetes,  472 
Pilsner  beer,  176 
Plant  efficiency,  21 
1  ollntion  jiroblenis,  840 
Pcmiace,  227,  245 
Pomace  handling,  229 
Pomace  still,  280,  245 
Port  wines,  199,  997^  9,j9 
Porter,  174,  177 

Potassium  acid  tartrate,  202,  246 
Potassium  gluconate,  165 
Potatoes  as  raw  material  for 
yeast  manufacture,  817 
Premalting,  4  1 

Preservative  agents  in  beer,  192 
I  nmary  yeasts,  811,  812,  825 
Proj)anetriol,  252 


Propionic  acid,  1 1 1 
Pseii c/o o n a j  f er me n  ta  t i o n s,  4 4  9, 
450 

Purilying  column  for  sulfite 
waste  lic^uor  alcohol,  112,  115, 
122,  124 

Pyridoxine,  277,  888,  889,  859 
Pyruvate,  866,  867,  868 
Pyruvic  acid,  865,  897,  898,  440, 
488,  484,  485 


R 

Racking  of  wine,  288,  284,  285, 
245 


Raffinose,  75,  277 

Raw  materials  lor  fermentation. 
See  also  under  Individual  fer¬ 
mentations. 

Raw  materials  for  fermentation 
4,  5 

Raw  materials  for  fermentation, 
economic  jmsition  of,  7 

Recirculating  vinegar  generator, 
511,  515 

Rectilying  columns  for  grain  al¬ 
cohol,  52 

Rectifying  columns  for  sulfite 
Avaste  licpicu'  alcohol,  112  115 
122,  124 

Residues  Irom  fermentation.  See 
also  under  Individual  fermen¬ 
tations. 

Residues  Ironi  grain  alcohol 
lennentation,  52 

Residues  honi  molasses  alcohol 
leimentation  as  fertilizer,  88 

Residues  from  molasses  alcohol 
let. ne, nation  as  livestock  feed, 


Residues  from  molasses  alcohol 
lennentation,  miscellaneous 
uses,  87 

^4^80  “lytelium,  453, 
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Reuse  of  yeast  system,  89,  110, 
115,  121,  124,  161 
Reuse  of  yeast  system,  advan¬ 
tages  of,  90,  1 10 
Rliine  wines,  199 
Rhizopus,  67,  472 
Rhizopus  deleinar,  41,  474,  480 
Rhizopus  nigricans,  472,  473, 
474,  475,  476,  477,  478,  479, 
482,  484 

Rhizopus  oryzae,  399 
Riboflavin,  3,  277,  338,  359,  383, 
389,  436,  448 

Riboflavin  from  butanol  acetone 
fermentation,  348,  359,  383 
Ribose,  450 

S 

Saccharification  of  starch.  See 
Starch. 

Saccharomyces,  151,  163,  165, 
319,  500^ 

Saccharomyces  cerevisiae,  23,  24, 
77,  113,  119,  141,  154,  160, 
208,  209,  281,  282,  285,  318, 
505 

Saccharomyces  cerevisiae  var. 

ellipsoideus,  208,  209,  505 
Saccharomyces  ellipsoideus,  23, 
24,  106,  259,  266 
Saccharomyces  fragilis,  113 
Sauterne  wines,  119,  243 
Schizosaccharomyces  mellacei,  24 
Schizosaccharomyces  pombe,  24 
Scholler  process  for  hydrolysis 
of  wootl,  147,  316 
Scholler  process  for  hydrolysis 
of  Avood,  economics  of,  165 
Sdtoller  process  for  hydrolysis  of 
wood,  industrial  develojnnent 
of,  147 

Scholler  process  for  hydrolysis  of 
Avood,  raw  materials  for,  148 


Scholler  process  plants  in  Eu¬ 
rope,  147-149 

Scholler  process  plants  in  Eu¬ 
rope,  operation  of,  163 
Secondary  yeasts,  311,  312 
Seed  yeast.  See  Yeast. 
Seeding-back,  78 
Sewage  disposal  plants,  4 
Sherry  wines,  200,  242 
Sieve  analyses  of  ground  grains, 
29,  54 

Slopjnng  back  in  butanol  ace¬ 
tone  fermentation,  369,  372, 
373,  376,  381 

Slopping  back  in  grain  alcohol 
fermentation,  42 
Slopping  back  in  molasses  alco¬ 
hol  fermentation,  80 
Sodium  gluconate  as  sequester¬ 
ing  agent  for  metals,  465 
Sodium  gluconate,  economics  of 
})roduction,  466 

Sodium  gluconate  fermentation, 
composition  of  medium  for, 
462 

Sodium  gluconate  fermentation, 
control  of  conditions  in,  460 
Sodium  gluconate  fermentation, 
inoddum  development  for, 

462 

Sodium  gluconate  fermentation, 
investigation  of  variables  in, 
461 

Sodium  gluconate,  preparation 
by  pilot  plant  fermentation, 
460 

Sotlium  gluconate,  recommended 
fermentation  process  for,  461 
Sodium  gluconate  recovery  from 
fermentation  beers,  464 
Sodium  lactate  uses,  415 
Soil  cultures  of  butanol  acetone 
organisms,  356,  377 
Soil  microbiology,  4 
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Solids  content  ol  sulfite  waste 
liquor,  103,  315 
Sorbose,  3 

Sparkling  wines,  243,  248 
Spent  sulfite  liquor.  See  also 
Sulfite  waste  litpior. 

Spent  sulfite  litjuor,  pretreat- 
nient  lor  yeast  growth,  316 
Spent  sulfite  liquor,  treatment 
lor  torula  yeast  production, 
325,  331 

Starch  gelatinization,  24,  25 
Starch  hydration,  24,  25 
Starch  hydrolysis  by  acid,  65,  266 
Starch  hydrolysis,  commercial, 
143 

Starch  saccharification,  24,  26, 
31,  40,  65,  66,  67,  266 
Steep  water  as  source  ot  fermen¬ 
tation  nutrients,  278 
Sterigmatocystis  nigra,  447 
Sterilization  ot  plant  fermenta¬ 
tion  equipment,  378 
Stillage  addition  to  butanol  ace¬ 
tone  fermentation  mashes,  369 
Stillage  addition  to  grain  alcohol 
mashes,  42,  48,  58,  61 
Stillage  addition  to  molasses  al¬ 
cohol  mashes,  80 
Stillage  from  butanol  acetone 
fermentation,  383 
Stillage  from  grain  alcohol  fer¬ 
mentation,  52,  395 
Stillage  from  molasses  alcohol 
fermentation,  86 
Stock  ale,  176 
Stout,  174,  177 
Streptogenin,  339 
Streptoniyces,  361 
Streptomycin,  361 
Submerged  aerobic  fermenta¬ 
tion,  advantages  of,  437 
Submerged  culture.  See  Aerobic 


lermentation  and  Individual 
fermentations. 

Succinic  acid,  26,  83,  206,  440, 
481,  482,  483 

Sucrase,  25 

Sucrose,  25,  75,  265,  351,  352, 
353,  393,  423,  437,  438 

Sugar  content  of  wood,  poten¬ 
tial,  141 

Sugar  degree  of  beer  wort,  183 

Sugars  fermented  by  yeast,  25 

Sugars  in  sulfite  waste  liquor, 
104,  105,  140 

Sugars  in  w'ood  hydrolyzates, 
139,  140 

Sidfate  wood  pulping  process 

102 

Sulfite  waste  liquor.  See  also 
Alcoholic  fermentation.  Spent 
sulfite  liquor,  Torula  yeast, 
and  Yeast. 

Sulfite  waste  liquor,  8,  95 

Sulfite  waste  liquor  alcohol, 
manufacturing  cost  of,  126 

Sulfite  waste  liquor  alcohol 
plants,  113-125 

Sulfite  waste  liquor,  analysis  of 
103 

Sulfite  waste  liquor  collection 
105 


^>uitite  waste  liquor,  comjmsi- 
tion  ol,  103,  118,  315 
Sulfite  waste  licjuor  fermenta¬ 
tion  to  \'arious  products,  1 1  ] 
349,  374,  395  ’ 

Sulfite  waste  liquor  for  bakers’ 
yeast,  297,  308,  310 

Sulfite  waste  liquor  for  butanol 
acetone  lermentation,  349,  374 
Stdfite  waste  liquor  fur  yeast 
l)ioduction,  116,  313 
Sulfite  waste  liquor  Iroiu  at,., 
luonium  base  |>ul|)ing,,ioi 
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Sulfite  waste  litjuor  Ironi  mag¬ 
nesium  base  jiulping,  100 
Sulfite  waste  litjuor  from  sodium 
base  pulping,  101 
Sulfite  waste  litpior,  lignin  sul¬ 
fonates  in,  103 

Sulfite  waste  liquor,  monosac¬ 
charides  in,  104 

Sulfite  waste  liquor,  preparation 
for  fermentation,  lOfi 
Sulfite  waste  litjuor,  reduction 
of  b.o.d.  in,  by  yeast  jjrotluc- 
tion,  339 

Sulfite  waste  litjuor,  stilids  con¬ 
tent  of,  103,  315 
Sulfite  waste  litjuor,  sugars  in, 
97,  99,  101,  313,  315 
Sulfite  waste  litjuor,  sulfur  in, 
103 

Sulfite  wot)d  j^uljjing  jjrocesses, 
95,  98,  100-103 

Sulfur  dioxide,  antisejitic  j:)Ower 
in  wine  making,  212,  213 
Sulfur  dioxide  for  control  of 
contamination  in  vinegar 
stock,  505 

Sulfur  tlioxitle  in  beer  fermen¬ 
tation,  191 

Sulfur  tlioxitle  in  wine  termen- 
tation,  21  I,  213,  224,  234,  241 
Sidfur  in  sulfite  waste  litjuor, 
103 

Sulfurous  acid,  inhiijiting  eflect 
on  yeast,  100,  280 
Syncephnlastrum ,  472 
Synthetic  chemicals,  coinj^etition 
of,  with  fermentatitin,  1 1 

1 

Table  wines,  198,  200,  201,  208, 
220,  233,  238,  240,  243,  247 
T  annin,  281 

Tannins  in  graj>es,  201,  202, 


203,  200,  225,  235,  230,  239, 
244 

T  artaric  acid,  202,  200,  501 
Tartrate.  See  Calcium  tartrate 
and  Cream  of  tartar. 
"Teinj^erature  control  in  fermen¬ 
tation.  See  Intlivitlual  fermen¬ 
tations. 

T’emjjerature  of  fermentation. 

See  Intlivitlual  fermentations. 
TTmjierature  ojitimum  for  tor- 
ula  yeast  jiiotluctitin,  324 
Tetrolic  acitl,  300 
Tetronic  acitl,  300 
Thiamin,  277,  300,  301,  337,  338, 
359 

'Thunberg-W^ieland  reaction  in 
fumarate  formation,  481,  482 
Titrable  acidity  in  butanol  ace¬ 
tone  fermentation  of  corn, 
380,  381 

T  itrable  acitlity  in  grain  alcohol 
fermentation,  55 
T'okay  wine,  200 
Torula  yeast,  analyses  of,  337, 
338 

Torula  yeast  as  Itxitl  anti  leetl 
yeast,  3 1 9 

T'orula  yeast  culture  mainte¬ 
nance,  319 

Torula  yeast  tlrying,  327,  330 
Torula  yeast,  economits  ol  j)ro- 
tlucing,  340 

T'orula  yeast,  inorganic  nutri¬ 
ents  lor,  323 

T'orula  yeast,  jjrt)tesses  lt)r  j)ro- 
tlucing,  325-330 

1  Orula  yeast  j)rotluttion,  aera¬ 
tion  systems,  328,  333,  334,  335 
T'orula  yeast  j)rotluttion,  air 
suj>j)ly  lor,  322 

Torula  yeast  j)rt)duttion,  british 
Colt)nial  jnocess,  334 
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Torula  yeast  production,  Carna- 
tion-Albers  process,  335 
d'orula  yeast  production,  con¬ 
centration  of  sugars  for,  321 
Torida  yeast  production,  cooling 
S.P.M.  fermentor,  330 
Torula  yeast  production,  cool¬ 
ing  Waldhof  fermentor,  328 
Torula  yeast  production,  devel¬ 
opment  of  cultures  to  plant 
stage,  320 

Torula  yeast  production,  de¬ 
watering  of  yeast  cream,  330 
Torula  yeast  production,  differ¬ 
ences  in  S.P.Af.  and  Waldhof 
processes,  330 

Torula  yeast  production,  feed 
rate  for,  321 

Torula  yeast  jjroduction,  I.  G. 

Farbenindustrie  process,  332 
Torula  yeast  production,  pH 
control  in,  324 

Torula  yeast  production,  pH 
optima  for,  324,  327 
Torula  yeast  production,  re¬ 
quirements  for,  321 
Torula  yeast  production,  S.P.Af. 
process,  330 

Torula  yeast  j^roduction  sys¬ 
tems,  309 

Torula  yeast  jjroduction,  tem¬ 
perature  control  in,  323 
1  orula  yeast  ]jroduction,  tem¬ 
perature  optimum  for,  324 
Forula  yeast  |)roduction,  Vogcl- 
busch  aeration  system,  333 
Torula  yeast  |)roduction,  Wald- 
hof  standard  j)rocess,  325,  320 
1  orula  yeast,  raw  materials  for 
Waldhof  j)rocess,  325 
Torula  yeast,  requirements  for 
jjroduction,  321 

Torula  yeast,  residues  and 
wastes,  339 


Torula  yeast,  treatment  of  mo¬ 
lasses  for,  334 

Torula  yeast,  utilization  of  non¬ 
sugar  carbon  compounds  by, 
337 

Torula  yeast,  Waldhof  fermen¬ 
tor  for,  327 

'Torula  yeast,  Waldhof  process 
of  feeding  fermentor,  327 
'Torula  yeast  yields,  337 
Torulaspom  rosei,  209 
Torn} apsis,  97,  152,  160,  163, 
166 

Torulopsis  utilis,  154,  155,  309, 
319,  321,  324,  334 
Torulopsis  utilis  var.  major,  309 
Torulopsis  utilis  var.  thermo- 
phi  la,  309,  334 

Toxicity  of  compounds  for  yeast, 
153,  156 

Tricarboxylic  acid  cycle,  440, 
482 

Tyrosine,  301 

U 

Undesirable  fermentations,  4 
Uronic  acid,  105,  138,  139 
Usines  de  Melle  process.  See 
Melle  process. 

V 

X'ermouth  wine,  242,  247 

Vinegar,  acetic  acid  yield  in,  507 
513 

Vinegar  acetilication,  508 
V^inegar  acetilication,  air  re¬ 
quirement  for,  512 
Vinegar  acetification,  dipping 
generator  method,  519 
Vinegar  acetification,  displace- 
inent  generator  method,  519 
Vinegar  acetification,  effect  of 
metals  on,  518 
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V^iiiegar  acetification,  heat  gener¬ 
ation  during,  511,  512 
Vinegar  acetification,  horizontal 
revolving  drum  generator 
method,  510 

X^inegar  acetification,  large  room 
generator  method,  510 
Vinegar  acetification,  shallow 
vat  method,  510 
Vinegar  acetification,  submerged 
culture  method,  520 
V^inegar,  adulterated,  505 
\hnegar  aging,  520 
V^inegar,  analysis  ol,  505 
Vinegar,  bacterial  delects  ol,  527 
Vinegar,  chemical  preservatives 
in,  525 

Vinegar,  cider  or  apple,  501 
Vinegar  clarification,  521 
Vinegar  composition,  501 
Vinegar  containers,  525 
Vinegar,  copper  contamination 
ol,  524,  526 

Vinegar,  detects  of,  524 
Vinegar,  definitions  and  stand¬ 
ards  lor,  501 

Vinegar,  distilled,  effect  ol  de- 
naturants  on  quality,  518 
Vinegar  eels,  528 
Vinegar,  enzymatic  browning  ol, 
527 

Vinegar  filtration,  521,  522 
Vinegar,  fining  agents  lor,  522 
Vinegar  Hies,  529 
Vinegar  generator,  lactors  affect¬ 
ing  perlormance  of,  518 
Vinegar  generator  operation, 
511,  515 

Vinegar  generator  packing,  510, 
516,  517 

Vinegar,  generator  jjrocess  for 
producing,  499,  509 
Vinegar  generator  protluction 
capacity,  515 


V^inegar  generator,  recent  modi¬ 
fications  of,  519 

Vinegar  generator,  recirculating 
type  of,  511,  515 
X^inegar  generator  seeding,  515 
Xhnegar  generator,  simple  form 
of,  510 

Xh'negar  generator,  sliming  in, 
516 

Xh'negar  getierator,  temperature 
regulation  in,  511,515 
V'^inegar,  glucose,  502 
Vinegar,  iron  contamination  of, 
525,  526 

Vinegar  losses  during  acetifica¬ 
tion,  515 

Xfinegar,  malt,  502 
Vinegar,  metal  contamination 
of,  524,  526 

Xfinegar,  methods  of  production 
of,  504 

X^inegar  mites,  528 
X'^inegar,  nutrient  addition  for 
distilled  vinegar  jiroduction, 
514,  517 

Xh'negar  pasteurization  methods, 
522 

Vinegar  pasteurization  tempera¬ 
tures,  525 

Vinegar  jjrocessing,  520 
Xfinegar  production,  acid  resist¬ 
ant  etpiipmeiu  for,  527 
Xh'negar  production  data,  505 
Vinegar  production  in  atomizing 
chamber,  520 

Xh'negar,  rapid  acetification  lor, 
509 

Vinegar,  raw  materials  for,  498, 

507 

Vinegar,  recirculating  generator 
for,  511,  515 

X^inegar,  slow  acetification  for, 

508 

X^inegar,  slow  process,  499 
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\^inegar,  spirit,  distilled  or  grain, 
502 

Vinegar,  sterile  filtration  ot,  528 
X'inegar  sterilization,  522 
Vinegar  stock,  500 
Vinegar  stock,  abnornial,  500 
Vinegar  stock  blending,  507 
V'inegar  stock,  control  ot  alco¬ 
holic  lermentation  ot,  504,  506 
X’inegar  stock,  preparation  ot, 
504 

Vinegar  stock,  storage  ot,  506 
Vinegar  stock,  sugar  concentra¬ 
tion  ot,  504 
Vinegar,  sugar,  502 
Vhnegar,  variation  ot  efficiency  ot 
acetification  due  to  dilution 
waters,  518 

Vinegar,  wine  or  grape,  501 
Vinylacetic  acid,  366 
Vitamin  B^,  301 
Vitamin  Bjg,  339 
Vitamin  content  ot  torula  yeast, 
338,  339 

Vitamins  in  molasses,  277 
Vitamins  in  molasses  alcohol  ter- 
mentation  residue,  87 

VV 

Waldhot  standard  process  tor 
torula  yeast  production,  325 
Wastes  trom  lermentations.  See 
Individual  lermentations. 
Water  tor  brewing,  179 
Water  tor  brewing,  comj)osition 
ot,  180 

Water  supplies  tor  lermentation 
industries,  1 1 
Whey,  8,  394 

Whey  tor  yeast  manulacture,  316 
Wine.  See  also  Cirapes  and 
Must. 

Wine,  akoholic  lermentation  ot 
205 


Wine,  analysis  ot,  247 
Wine  balancing,  225,  239 
Wine,  by-j)roducts  ot  alcoholic 
lermentation  in,  206 
Wine  cellar  operations,  232 
Wine  chilling,  methods  tor,  239 
Wine  clarification,  235 
XV^ine,  color  extraction  tor  red 
wine,  216,  218,  227 
XX^ine,  control  ot  bacterial  spoil¬ 
age  ot,  241 

XV^ine,  control  ot  lermentation 
of,  211 

XX^ine,  coj^per  and  iron  salts  in, 
218,  237,  240 

XX^ine  distilling  material,  227, 
230,  23 1 

XVine,  factors  affecting  alcoholic 
lermentation  in,  206,  207 
XX/^ine  fermentation,  aeration  in, 
208,  219 

XX^ine  fermentation  capacity,  223 
Wine  fermentation,  control  of 
temperature  in,  214,  215,  216, 
217,  225 

XX^ine  fermentation  efficiency, 
207,  208 

XVine  fermentation,  factors  af¬ 
fecting,  206,  207 
XVine  fermentation  practices 
218 

X  Vi  lie  fermentation  records,  226 
XX^ine  fei mentation,  sugar  con¬ 
tent  for,  208 

XVine  fermentation  tempera¬ 
tures,  207,  215 

XVine  fermentation  yield,  207 
Wine  lermentors,  224 
XVine  filtration,  236,  240 
XX^ine  filtration  for  sterilization 
237 

XVine  fining,  233,  235 
XVine  fining  agents,  235 
XVine  fortification,  241 
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Wine,  heat  treatment  or  baking 
ol  Sherry,  242 

Wine  lees,  233,  234,  235,  236,  245 
Wine,  metal  removal  from,  240 
Wine  |jrodiiction  figures,  197, 
247 

Wine  racking,  233,  234,  235,  245 
Wine,  raw  materials  for,  197 
White,  red  wine  fermentation  in 
presence  of  grape  skins,  216 
Wine,  selection  and  handling  of 
grapes  for,  200 

\Vhne,  special  cellar  practices  in 
dessert  wine  production,  241 
Wine,  special  cellar  practices  in 
table  wine  production,  243 
Wine  stabilization,  233,  245 
Wine  stabilization  by  chilling, 
238,  245 

Wine  stabilization  by  heating, 
238 

Wine  stabilization  practices,  233 
Wine  sterilization  filtration,  237 
Wine,  sulfur  dioxide  in.  See  Sul¬ 
fur  dioxide. 

Wine,  tartrate  removal  and  re¬ 
covery  from,  238,  246 
Wine,  temperature  of  fermenta¬ 
tion  for,  207 
Wine,  types  of,  198 
Wine,  unit  operations  in  fer¬ 
mentation  practices,  218 
Wine,  yeast  cultures  for,  208,  210 
Wine  yeasts,  23,  208,  213 
Wine,  yields  of,  from  grapes  and 
juice,  245 

Winery  by-products,  245 
Winery  by-products,  grape  seeds, 

245  ’ 

Winery  wastes,  tartrates  from, 

246 

Whiles,  analysis  of,  247 
Wines,  dessert,  198,  200,  201, 
227,  233,  239,  241,  247 


Wines,  dry,  199 

Wines,  Iruits  used  in  making 
196,  197 

Wines,  grapes  for,  198 
Whiles,  metal  removal  from,  240 
Wines,  sparkling,  243 
Wines,  sweet,  199 
Wines,  table,  198,  200,  201,  208, 
226,  233,  238,  240,  243,  247 
Wood,  ash  content  of,  142 
Whiod,  Bergius  process  for  hy¬ 
drolysis  of,  144 

Wood,  carbohydrates  of,  97,  138 
W^ood,  composition  of,  138 
Wootl,  dilute  acid  processes  for 
hydrolysis  of,  145 
Whiod,  extraneous  materials  of, 
141,  142,  152 

Wood,  hydrolysis  of,  139,  143 
Wood  hydrolysis  residues  and 
wastes,  165 

W^ood  hydrolyzate  fermentation. 

See  Alcoholic  fermentation. 
Wood  hydrolyzate  for  yeast  man¬ 
ufacture,  316 

Wood  hydrolyzate  molasses,  151 
Wood  hydrolyzate,  toxic  sub¬ 
stances  in,  152,  153 
Wootl  hydrolyzate,  treatment  to 
reduce  toxicity,  153 
Wood  hvdrolyzates,  composition 
of,  140 

Wood  hytlrolyzates,  fermentable 
sugars  of,  141 

Wh)od  hytlrolyzates,  fermentabil- 
ity  of,  152 

Wootl  hytlrt)lyzates  for  fodtler 
yeast,  308,  316 

Wh)otl  hytlrolyzates,  sugars  in, 
139,  140,  144,  116 
Wot)tl,  lignin  tt)ntent  ol,  142 
Wot)tl,  nitrogen  content  ol,  142 
Wootl,  pertt)lation  j)rocesses  for 
hydrolysis  of,  146 
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Wood,  potential  reducing  and 
fermentable  sugar  contents  of, 
i'fl 

Wood,  processes  for  hydrolysis 
of.  See  also  Bergius,  Scholler 
and  Madison  wood  sugar  proc¬ 
esses. 

Wood,  processes  for  hydrolysis 
of,  148 

Wood,  single  stage  batch  process 
for  hydrolysis  of,  145 

^V^ood,  single  stage  continuous 
process  for  hydrolysis  of,  146 

W^ood,  strong  acid  processes  for 
hydrolysis  of,  143 

Wood  sugar  content,  potential, 
141 

Wood  sugar  fermentations,  151, 
152,  374 

Wood  sugar,  Madison  process, 
149 

Wood  sugar  molasses,  151 

Wood  sugar  production  in  the 
Ihiited  States,  149 

Wood  waste,  economics  of  al¬ 
cohol  jjroduction  from,  164 

Wood  waste  in  the  United 
States,  136 

Wood-Werkman  reaction  in  fu- 
marate  formation,  484 

W^ort.  See  Beer  wort  and  Brew¬ 
ing. 

Wort  for  yeast  making,  280 
X 

Xylose,  97,  99,  104,  105,  107,  139, 
•40,  144,  374,  394,  399,  448* 
419,  450 

Yeast.  See  also  Fodder  yeast, 

^o()d  and  feed  yeast,  Torula 
yeast. 

Yeast,  acclimatization  for  sulfite 


waste  litpior  fermentation,  109 
Yeast,  active  dry,  292 
Yeast,  aeration  for  manufacture 
of,  274,  284,  286,  288 
Yeast,  aftertreatment  before  dry¬ 
ing,  293 

Yeast,  alcohol  tolerance  of,  23, 
24,  60 

Yeast,  ammonia  nitrogen  utiliza¬ 
tion  by,  279,  286,  308 
Yeast,  bottom  and  top  ferment¬ 
ing,  185 

Yeast,  brewers’,  194,  311,  312 
Yeast,  Burgundy  and  Cham¬ 
pagne  strains,  210,  225,  245 
'V’east  culture  for  molasses  fer¬ 
mentation,  77 
Yeast  culture  isolation,  282 
Yeast  culture  jneparation,  aero¬ 
bic,  65,  91 

5  east  cidture  preparation,  semi- 
aerobic,  46,  47 

Yeast  culture  preparation,  two 
stage  jjrocess,  91 
V’east  culture  propagation  for 
wine  fermentation,  210,  225 
V'east  culture  variation,  23 
Yeast  cultures  for  brewing,  185 
Yeast  cultures  for  food  and  feed 
yeast,  318 

Yeast  cultures  for  wine  making 
208,  225 

Yeast  culturing  for  alcoholic  fer- 
nientation  in  laboratory,  43, 

Yeast  culturing  for  alcoholic  fer¬ 
mentation  in  plant,  44,  45,  78 
foi'  wine  making, 

5  east  culturing  for  wood  hy- 
drolyzate  fermentation,  160 
Yeast  culturing  for  yeast  manu- 
lacture,  281,  285 
Yeast  cutting,  287,  291 
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Veast  dissimilation  mechanism, 
27 

^’east,  distillei’s’,  811 
^'east  drying,  298,  880 
^’east  lermentation  ol  sugar,  25 
^'east  lermentation,  jnoducts 
produced  by,  26,  88 
\'east  lermentation,  three  forms 
of,  258 

\east,  food  and  feed.  See  also 
y  ^*^^t  and  I'orula  yeast. 
^  east,  lood  and  feed,  810,  811 
\east,  food  and  feed,  raw  ma¬ 
terials  for,  812 

^'east  Irom  sidlite  waste  licjuor, 
297,  808 

Veast,  grain  as  raw  material  for 
manufacture  of,  812 
Veast  grittiness,  800 
Veast  growth  factors,  277,  800 
Veast  growth,  function  of  aera¬ 
tion  in,  289 
V'east  hybrids,  186 
Veast  in  nutrition,  807,  812 
Veast  iidiibition  by  substances 
from  wood  hydrolysis,  158 
Veast  inhibition  by  sulfurous 
acid,  106 

Veast  inoculum,  physiological 
condition  of,  56 
Veast  inoculum,  popidation  of, 
56 

Veast,  irradiation  of,  299 
V'east  maiudacture,  analysis  of 
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